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ABSTRACT 
Several generations of flue dendritic molecular systems are studied to discern the 
optimum balance in amphiphilic behavior at the air/water interface. Monomolecular layers 
fabricated at the air-water and air-solid interface by the Langmuir-Blodgett technique are 
characterized using atomic force microscopy, ellipsometry, X-ray reflectivity, X-ray 
diffraction and LTv-vis spectrometry. Rod, discotic, and random hyperbranched cores are 
balanced with hydrophilic and hydrophobic tails to create an appropiate amphiphilic balance 
suitable for the formation of stable monolayers at the air/water interface. The chemical 
composition and shape of cores and pheripherial branches is shown to greatly affect the 
molecular packing structure of a variety of molecular compounds. A flexible hydrophilic 
core balanced with hydrophobic tails along with monodendron shape is found to facilitate 
organized monolayer formation more completely than a rigid hydrophobic core terminated 
with flexible hydrophilic tails. Unlike the traditional amphiphilic molecules based on 
hydrophilic cores terminated with hydrophobic branches, the molecules based on 
hydrophobic cores balanced with flexible hydrophilic tails exhibit appealing phase transitions 
of the intralayer structures. The shape of the rigid core greatly affects the stability of the 
molecules at the air/water interface. 
1 
CHAPTER 1. INTRODUCTION 
1.1 General Description 
1.1.1 Background and motivations 
In the middle of the last century Flory suggested in theoretical studies the idea of 
branched units having a role in macromolecules.l The focus of chemists at the time was to 
create new, unique linear polymers with ideal chemical structure and desired physical and 
mechanical properties. In the mid 1900s polymer manufacturing techniques and materials 
were still novel and seen as inferior to the metal and ceramic materials available. While the 
idea of branched chemical structures seemed unique and exciting as a possibility 
academically, it was seen impractical for the early industry to refocus its attention away from 
the valuable research of taking polymer application to the mainstream market. For decades 
the theories of chemical structure and the effect of branching on physical and mechanical 
properties was discussed but mostly ignored. 
The first controlled synthesis of dendrimers was by spearheaded by Vogtle in 1978.2
Since then thousands of papers have been published with hundreds of various chemical 
structures of dendrimers and branched polymers. Three of the most common structures are 
shown below (Figure 1).3'4 The branching in the polyamidoamine (PAMAM) dendrimer 
occurs at the nitrogen atoms with few carbon or other atoms to act as spacers in the 
branches.s Another common dendrimer architecture is the Frechet dendrimer, named for 
Jean M. J. Frechet, the first chemist to produce dendrimer with branching occurring at phenyl 
rings and using oxygen and carbon atoms as spacers.6 The third architecture shown is an 
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Figure 1. Examples of architecture of three common branched structures: 
hyperbranched polymer, PA,MAM dendrimer, and Frechet's dendrimer. Taken from Jikei et 
al and Inoue.3,4
ideal structure of a hyperbranched molecule.~'g Hyperbranched molecules are known as 
"dirty dendrimers" and will be discussed in depth later. 
Branched polymers differ from traditional linear polymers in several unique, but 
important ways. The difference in the number of end groups has the most influence on the 
polymer properties.9 Linear polymers traditionally have two end groups, but branched 
molecules have as many end groups as branches. Dendrimers have regular tree-like 
branching of the repeating mers that creates a symmetric molecular structure. Tightly 
controlled synthesis of dendrimers requires steps of protection and activation of end and 
focal groups of the branched mers, as well as the purification steps that insure the 
monodispersity of the polymers.10 The polydispersity of linear polymers is largely dependent 
on the synthetic route, but even with the most tightly controlled synthesis Linear polymers 
rarely approach the monodispersity of dendrimers. The number of end groups is determined 
by a simple relationship, N~Nbn, where N~ is the number of branching sites of the core itself, 
Nb is the number of branches created at each branching site, and n is the generation number.9
While N~ can be any number less then ten, typical values are 1, 2, 3, 4, and 6. For the case of 
one original branching site per core the molecules are labeled as monodendrons and are 
separated from traditional dendrimer with their asymmetric shape. Largely the value of Nb is 
2 although there are several cases of three branches originating off of phenyl rings. The 
highest known generation of dendrimers is eleven generations, although it is extremely rare 
for generations higher than seven or eight to be synthesized. 
There are several well-known reasons higher generation dendrimers are not desirable. 
The first is the theoretical concept of steric constraint. The number of end groups increases 
exponentially with each linear generational increase. The high generation dendrimers often 
assume a globular shape with the numerous end groups occupying the outer surface.9 While 
the surface area of the .outer surface increases with each generational increase, the area per 
end group decreases. At the highest generations the outer surface is sterically constrained 
and the complete addition of all end groups is not possible. Dendrimers therefore reach an 
upper limit on size when complete addition of the end groups is impossible. Another reason 
higher generations of dendrimers are less desirable is due to the synthetic route. This is the 
same reason large-scale use of dendrimers by industrial applications is largely impractical.11
Dendrimers are synthesized by multi-stepped chemical processes. Each generational growth 
step involves protection and activation of the different focal groups of the molecules and 
mers and the purification of the product. The chemical yield decreased for each generational 
increase for both the reaction and purification steps. The process is both time-consuming and 
costly. The low yield combined with the high investment of time increases the cost of the 
4 
dendrimer tremendously. The few commercial dendrimers available today reach cost of 
thousands of dollars per gram, thereby seriously limiting the use to specialized applications 
where the enormous cost can be justified. 
Recently several reviews have discussed the strong connection between the chemical 
structure of branched molecules, the molecular shape, and the properties of the 
molecules.12,13 The most important influence on molecular shape is the shape and chemical 
structure of the dendrimer core.14 The initial shape of the core in solution will dominate the 
shape of the lowest generations and ultimately decide the shape for the highest 
generations.ls,16 The number of initial branches is significant when shape of the resulting 
molecule is considered.l~ Monodendrons typically look tree-like with a large branched 
structure on one end of the core and a small focal group on the other end. Rod shaped 
molecules with branches attached to both ends initially looks rod-like then appears dumbbell 
shaped at the higher generations. Molecules based on discotic cores tend to be flat and puck- 
like at low generations and eventually become spherical or ellisodial at the highest 
generations. Most dendrimers form supramolecules in bulk, organizing in large lattices of 
supramolecules that in turn determine the properties of the material. These supramolecules 
or polydendrons then pack in lattices with preferred orientation and ordering over tens of unit 
cells.18,19,20,21,22,23,24,2s 
The chemical nature of the core and branches and the contrast that can be created 
offer numerous advantages. Molecules based on discotic cores pack core to core and form 
nanowires with the radiating branched tails acting as insulating barriers for the cores.26,2~,2s 
Rigid rod core with flexible branches can form a variety of microstructures including circular 
micelles containing tens of molecules to lamellae when the molecular weight fraction is 
5 
balanced enough to form the microstructure.29,2s,3o,2 i By balancing the hydrophilic nature of 
one molecular fragment with the hydrophobicity of another, an amphiphilic nature can be 
created. This is best seen in generations lower than five when the core still has a significant 





Figure 2. The relationship between the molar weight and viscosity for dendrimers, 
hyperbranched and linear dendrimers. Taken from Jikei et a1.4
Regularly branched structures with numerous end groups have an advantage over 
traditional linear polymers with decreasing viscosity as the molecular weight increases 4 
When manufacturing products made from high molecular weight polymers that have the 
desired physical and mechanical properties, often a low molar weight polymer of similar 
chemical structure is included to lower the viscosity of the melt, thereby increasing the flow 
rate during production. Figure 2 shows the relationship molecular weight has on the 
viscosity of linear polymers, hyperbranched polymers, and dendrimers. Although 
6 
dendrimers and hyperbranched polymers have lower viscosity they are too brittle and in the 
case of dendrimers too expensive for full scale use. However, the possibility as high 
molecular weight additives makes inclusion of small amounts of branched molecules 
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Figure 3. Large cavities develop between the branching arms of dendrimers, leaving 
room for lar a and small guest molecules and atoms. Taken from Dykes.l o g 
The density inside the molecules is another important difference between linear 
polymers and dendrimers. Traditional linear polymers like polyethylene and polypropylene 
assume a random coil conformation in free space.31 The density of these molecules is 
dependent on their surrounding environment, i.e. good solvent, bad solvent, melt, or solid. 
Dendrimers do not have the long chains needed to form the random coil conformation. 
Instead they form rigid structures with a fixed architecture that has a limited mobility only 
associated with the limited rotation of the branches.9 The density of the molecule therefore 
changes as one travels from the core of the dendrimer to the outer shell of end groups. The 
core is surrounded by large voids created by the gaps between the branches. The voids 
decrease in size as the number of branches increases. At and near the outer shell the voids 
are minuscule and branches and end groups occupy nearly all possible space. This 
architecture can be seen in Figure 3. The architecture of dendrimers with large cavities near 
the core and densely packed outer shells form host molecules that can be used to insert 
foreign molecules into a system and lower the risk of desegregation such as dyes in polymer 
matrices or drugs in the human body. 
Dendrimers have been used at interfaces to increase the interaction between the two 
surfaces because they introduce numerous interaction sites. The functionality of the end 
groups offers exciting possibilities to tailor the properties of the molecules. Most end groups 
are simple methyl, carboxylic, amine or alcohol groups. To change the end groups or tailor 
them to a specific use the synthesis can be terminated using different chemistry. Resin beads 
have had dendrimers grown on their surfaces to increase the attachment points between the 
solid substrate and the resin beads during solid phase synthesis.10 Dendrimers have been used 
8 
as catalyst with catalytic sites being introduced at the periphery, core or throughout the 
molecule.3
Despite the lack of interest from manufacturers in dendrimers and hyperbranched 
polymers for large scale processes, the use of branched polymers in highly specialized uses is 
becoming much more common and widespread.32 The nature of highly branched structures 
conflicts with entanglement formation and therefore makes sample production nearly 
impossible. However, the possibility of tailoring the material's properties by the synthetic 
method used to produce them has developed interest in them. Many of the possible uses of 
dendritic materials utilize thin film technology that requires knowledge of thin film 
properties as well as bulk properties.3 Environments such as outer space with zero gravity 
require nontraditional solid-state lubricants that can be applied as thin films to the parts 
versus a liquid lubricant. Microelectromechanical systems and other nanoscale devices also 
require nanometer thin films of boundary lubricant molecules to reduce the friction and wear. 
Some dendrimers behave as liquid crystalline systems creating one or two-
dimensional ordering which is desirable for some electroluminscent layers. Some branched 
structures have had some success in the photoharvesting area where linear polymers have 
failed due to the low efficiency of energy transfer brought on by the excimer formation by 
intermolecular and intramolecular interactions.33 The rigid nature of some dendrimers as 
well as the spatial position of the numerous end groups that are all attached to the central 
core increases the interest in these types of molecules. The architecture leads to the 
possibility of high-energy transfer.86 Other attempts at replacing the traditional materials 
used in electrochemical and charge transfer related fields include molecular wires and solid 
electrolytes for high energy densities batteries have also been studied with limited success.34 
9 
Similar to dendrimers, hyperbranched polymers have been shown to have improved 
properties over linear polymers, but with less costly and time-consuming synthetic processes. 
Hyperbranched polymers consist of irregular branching of the repeating units caused by the 







Figure 4. An idealized chemical structure of a hyperbranched polymer with the 
dendritic, linear, and terminal units denoted to the left. Taken from Jikei et al. a 
synthetic route is used for these unique molecules, with no activation/protection or 
purification steps. However, the monodispersity of the dendrimers is sacrificed and the 
architecture is relatively unknown. The polydispersity is not only caused by differences in 
molecular weight but the variance in molecular structure as well. Advances in mass 
spectrometry have simplified the determination of molecular weights of molecules but it is 
still impossible to determine the exact chemical structure of molecules. NMR and FTIR can 
determine if certain atomic pairs are located in the molecule, but neither can determine how 
all the molecular fragments fit together. A factor used to describe the architecture of a 
hyperbranched polymer was the degree of branching (DB): 
10 
Degree of branching (DB) _ (D + T) / (D + T + L) (1) 
where D i s the number o f dendritic branche s, T i s the number o f terminal branches and L i s 
the number of linear branches.4 Figure 4 shows a hyperbranched polymer with the three 
types of branches labeled. Typically hyperbranched polymers have a DB near 0.5. Attempts 
to increase the DB to closer to 1 have included polymerization of molecules from 
prefabricated dendritic units, polymerization of monomers in the presence of core molecules, 
and the enhancement of the reactivity of linear units formed during polymerization.4 It is 
good to note that if the propagation reaction occurs systematically and the DB reaches 1 then 
the hyperbranched structure eventually becomes the structure of the dendrimer and can no 
longer be classified as hyperbranched. 
While the cost of hyperbranched polymers is much lower than the cost of dendrimers 
the uses of molecules is nearly as limited. Unlike dendrimers, hyperbranched polymers lack 
the well-defined structure desired for drug carrier or gene delivery molecules. The high 
functionality number of the macromolecules discourage .use in cross-linking reactions as they 
tend to be too rapid thereby solidifying the material before the relative functions can fully 
react. The high solubility and high-degree of functionality of hyperbranched molecules make 
them good candidates for blend components, additives, and coating components. They can 
be well used in the design of high solid and powder coating.35 Hyperbranched 
macromolecules have also been added to linear polymers to create blends to improve 
viscosity at high temperatures. They also improved the stability of the pure polymer. Massa 
et al proved hyperbranched polyesters had nearly full miscibility with linear polyesters, 
11 
polyamides, and polycarbonates.36 The miscibility was attributed to the hydrogen bonding 
between molecules. When modified with alkyl chains hyperbranched polymers can also act 
as nanocapsules by capturing small particles like organic dyes. The modified hyperbranched 
polymers can act like an additive carrier, a lubricant, and reinforcement. Another interesting 
use is the formation of nanofoams in which the globular molecules act as pore forming 
materials. Nanoporous hyperbranched materials have also been studied in interlayer 
dielectric material as low dielectric constant materials.37
With the boom in portable electronic devices the electroluminescent research has 
reached past the traditional materials to polymers to find less expensive, more robust 
replacement materials. Especially of interest is the low operating voltage and the option of 
tuning the color of the emission of possible organic electroluminescent devices. A 
synthesized hyperbranched polycarbazole was proven to have improved performance over a 
linear polymer by Tao et a1.38 They found evidence that suggests that upon recombination of 
the hole and electron at the hyperbranched site an emission comes from the radioactive decay 
of the singlet state of the carbazole moiety. Despite the interest the quantum efficiency, 
brightness, and short lifespan still remain hurdles in the use of dendrimers as well as linear 
polymers in electroluminescent devices. i o 
1.1.2 General design of samples 
The compounds presented in this study offer a diverse view of dendritic and branched 
structures (Figure 5). Three types of molecular cores will be examined, discotic, rod-based, 
and random, as well as the influence of rigidity of the core on the molecular properties. The 
samples presented in this thesis provide a range of molecular structures. The influence of 
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branching in the coil block in rod-based molecules is studied as well as the influence in the 
molecular weight ratio between the rod block and the coil block.39 Monolayer films are 
deposited on solid substrates and characterized to understand the packing behavior of rod- 
coil molecules when the molecule weight remains the same while the number of flexible 
branches is increased from one to two to four to six (Figure 5). Similar rod-coil molecules 
are examined with two tails of varying length attached. The molecular weight is increased as 
the flexible tails is increased from three to six to 17 to 22 monomeric units of polypropylene 
oxide. The influence of di-branched versus tetra-branched oligioether tails attached to 
hexabenzocoronene cores is discussed (Figure 5). Branched hydrophilic tails are attached to 
hydrophobic cores and organized in monolayers at the air-water interface to analyze the self- 
organization of novel discotic molecules. Molecules with bulky crown ether head groups 
attached to multiple C12 alkyl tails by an azobenzene spacer group are studied at the air-water 
interface (Figure 5). Alkyl substituted hyperbranched molecules with various degrees of 
functionality are examined at the air-water interface to understand their amiphiphilic nature. 
The random structure of the hyperbranched molecule and the random substitution of Cl~ 
alkyl tails present previously unstudied questions on monolayer ordering at the air-water 
interface. 
The amphiphilic behavior of the molecules to be studied is done on both liquid and 
solid supports. The monomolecular layers studied at the air-water interface are fabricated by 




Figure S. 'The shape of a branched molecule is determined by the shape of the core 
and the direction the branching units. Four examples of cores and types of branching to be 
discussed are shown here: rigid disk based branched molecules, flexible disk based 
monodendrons, hyperbranched molecules with random peripheral substitution, and rod based 
molecules. 
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liquid supported monolayers. In addition to the ~~A isotherms, synchrotron studies of the 
Langmuir layers are preformed. Solid supported monolayers are deposited at desired 
pressures by the Langmuir-Blodgette (LB) technique. 
1.1.3 General description of proposed techniques 
Various techniques are used to characterize thin films on both liquid and solid 
supports. X-ray studies of Langmuir monolayers at the air-water interface have been crucial 
in understanding the packing behavior of many fatty acids and amiphiphilic 
compounds.ao,41,a2,43,44,4s,46 X-ray reflectivity and diffraction experiments produce data that 
can be used to build comprehensive models of molecules on the air-water interface. Studies 
of monolayers at the air-water interface offer an essential two-dimensional view of the 
molecule-to-molecule interactions. These models offer insight on how molecular fragments 
pack differently while attached to chemically diverse fragments. Experimental data can 
provide information about how one fragment of a molecule can dominate the packing 
structure and the competing interactions between the molecular fragments leads to 
frustrations in the packing structure of the molecules. 
Surface properties of deposited thin films are studied by several qualitative and 
quantitative techniques. The most useful surface characterization technique to study thin 
polymer films, especially deposited monolayers, is atomic force microscopy (AFM). Film 
thickness, surface morphology, phase composition, and chemical composition of the surface 
can be readily determined using AFM and several other complimentary experimental 
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techniques.47 The deposited and self-assembled layers analyzed in this project have been 
characterized using AFM, ellipsometry, and UV-vis spectrometry. 
1.2 Goal 
The goal of this study is to elucidate the behavior of dendritic and hyperbranched 
macromolecules at the air-water interface and on a solid surface in conjunction with the 
chemical composition, architecture, symmetry, and flexibility of the core and branch 
segments. The influence of branching, hydrophobicity of core and tail segments, and core 
shape on molecular ordering will be explored. AFM, ellipsometry, and UV-vis spectrometry 
will be explored to study the solid supported layers while synchrotron studies will be used to 
analyze the monolayers at the air-water interface. 
1.3 Objectives 
Specific objectives for different compounds axe: 
1. Branched molecules with rod cores 
• Comparison of rod-coil dendrimers with increasing degree of branching of 
tails versus a block copolymer with increasing weight percent of coil block 
• Analysis of surface behavior and determination of optimal surface pressures to 
form stable monolayers at the air-water interface of RDM-N and CRC-N 
• To understand the influence of degree of branching on the shape of rod-coil 
molecules and the packing of molecules in monolayers 
• To discern the influence of changing the composition of block copolymers on 
the molecular packing 
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2. Branched molecules with rigid discotic cores 
• To study uniform monolayers at the air-water interface and analyze the 
surface behavior and find conditions for uniform monolayers 
• To model the molecular packing structure at different surface pressures and on 
liquid and solid supports 
3. Monodendrons with flexible discotic cores 
• To create uniform monolayers at the air-water interface and ascertain the 
packing structure 
• To characterize the microstructure of the LB layers transferred to a solid 
support and form a model of the molecules on the surface 
• To study bulk properties by X-ray diffraction to compaxe bulk crystalline 
properties with two dimensional crystalline properties 
• To form molecular models that describe the orientation and packing of the 
molecules at the air-water interface and on silicon wafers 
4. Hyperbranched dendrimers 
• To form and study stable monolayers of hyperbranched molecules at the air-
water interface 
• To elucidate the role of the shell structure on the core state 
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CHAPTER Z. MATERIALS AND METHODS 
This chapter provides in depth descriptions of the materials and techniques preformed 
in the course of obtaining the results presented here. 
2.1 Materials and Fabrication 
This section contains detailed description of the materials presented in this thesis. 
Chemical formulas, molecular models, and essential synthetic information are provided here. 
2.1.1 Branched molecules with rod core 
The RDM-N (N represents the generation number indicating the degree of branching) 
series was synthesized by Dr. Myongsoo Lee's group at Yonsei University, Seoul, Korea 
with a rigid block of phenyl rings attached to flexible tails at either end (Figure 6).as,a9 The 
molecular weight remained consistent as the degree of branching was increased. The 
composition of the rod block remained the same, but the number of tails was increased with 
each generation. As the number of tails increased the length of the individual tails decreased 
thereby maintaining the molecular weight constant through four generations. 
Linear macromolecules consisting of a rigid rod block attached to two flexible 
polypropylene oxide (PPO) coil blocks with varying lengths of the coil blocks were 
synthesized by Dr. Lee's group also and organized in monolayers (Figure 6).50 The CRC-N 
molecules (where N corresponds to the number of monomeric unit in each of the two tails 
equaling 3, 6, 17, and 22) were similar to the first generation of the first rod-coil molecules. 
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Figure 6. chemical formulas of the linear rod based molecules CRC-N and branched 
rod based molecules RDM-N. 
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Increasing the number of monomeric units in the coil block while the molecular weight of 
the rod block remained the same altered the molecular composition. These molecules were 
classified as block copolymers as they were constructed from block of two different 
polymers but the molecular weight of the blocks was much lower then a typical block 
copolymer. 
2.1.2 Branched molecules with rigid discotic core 
The DCD-N series (N represents the generation number) were based on 
hexabenzocoronene discotic cores with branched tails attached to each terminal phenyl ring 
(Figure 7). Dr. Lee's group at Yonsei University in Korea carried out the synthesis.sl
Traditional discotic systems were based on discotic cores with six hydrophobic tails. The 
possibility of di- and tetra-branched polyethylene oxide) tails with discotic cores packing 
face-on at the air-water interface created interesting surface properties. One and two terminal 
phenyl rings are attached at each focal point of the core to create larger cores. 
2.1.3 Monodendrons with flexible discotic core 
Low generation monodendrons containing acrown-ether polar head, azobenzene 
spacer, and varying number of peripheral C12 alkyl tails have been synthesized by the D. 
McGrath group at the University of Arizona.52 The AD12-N molecules (N corresponds to 
the number of peripheral tails equal to 1, 2, 4 and 8) were investigated on both liquid and 
solid interfaces (Figure 8). The novel molecules with large cross- sectional mismatch present 









Figure 7. Chemical formulas of the rigid disk based molecules and molecular models 
of the DCD-N series. The top views are shown to the right of the chemical formulas while 






















Figure 8. Chemical formula of the amiphiphilic flexible disk based monodendrons 
AD12-N series. 
dendrimers at the air-water interface as the generations are increased. The molecules were 
studied as Langmuir and LB layers. Azobenzene molecular fragments are photochromic 
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Figure 9. Reaction scheme for HP-0 and chemical formulas for HP-0 and HP-25. 
2.1.4 Hyperbranched Dendrimers 
The HB-N series were terminated with C 1 ~ alkyl tails where N represents the fraction 
of the substituted end groups. Dr. V. V. Shevchenko at the Institute of Macromolecular 
Chemistry, Kiev, Ukraine, synthesized the hyperbranched dendrimers discussed here.53 An 
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ideal chemical structure is shown in Figure 9. Synchrotron studies were used to understand 
the effect of the irregular branching and defects on the monolayer packing structures. 
2.2 Experimental Techniques 
Experimental details of the work presented here are described in completion below. 
2.2.1 Langmuir and LB layers 
A common technique used to create monomolecular films of amphiphilic molecules 
is depositing small amounts of molecules on the surface of a trough with a known surface 
area. An ~~A isotherm is created by recording the pressure versus the area per molecule. 
The molecules self-organize into preferred orientations at the air-water interface, and can be 
studied on the liquid subphase or on a solid substrate after deposition. 
Figure 10 illustrates the general procedures for molecular reorganizations of the 
amphiphilic compounds at the air-water interface and their transfer to solid surfaces.54 The 
molecules remain at the air-water interface due to the balance of hydrophobic and 
hydrophilic segments in the molecular structure. The initial monolayer is disordered with 
molecule-molecule interactions minimal because of the large cross-sectional area per 
molecule (Figure l0a). Upon reduction of the surface area of the trough the molecule- 
molecule interactions become more visible in the surface pressure behavior of the film. In 
the low pressure regimes the molecules tilt slightly away from the surface normal to form an
ordered structure (Figure lOb). Further reduction of the cross-sectional area per molecule 
induces the molecules to move closer to the surface normal and form close packed structures 
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(Figure lOc). To deposit the monolayer onto a solid substrate the monolayer is compressed 
after a substrate is submerged into the liquid 
a 





Figure 10. Schematic of fabrication of monomolecular films by the Langmuir and LB 
technique. a) Spreading of molecules on water surface b) Initial compression of monolayer 
results in low pressure regime c) High pressure regime d) Formation of meniscus of water to 
substrate e) Transfer of molecules to substrate ~j Deposition of molecules on substrate. 
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subphase. Upon reaching the desired surface pressure the barriers decrease in speed and the 
substrate is lifted from the liquid subphase (Figure l Od- fl. 
Monolayers are prepared from dilute chloroform solutions by the Langmuir technique 
on an R&K-1 trough (Riegel & Kirstein, GmbH).55 Dilute solutions of the molecules are 
prepared in chloroform and deposited on the water subphase (NanoPure, >18MS2xcm) in 
small droplets and permitted to dry for 30 to 60 minutes allowing the chloroform to 
completely evaporate. The ~~A isotherms are recorded as the monolayer is slowly 
compressed by two barriers at the opposite ends of the Langmuir trough. The monolayer is 
deposited at surface pressures chosen to represent the phase transitions seen in the ~~A 
isotherm. The established procedure of LB films deposition starts with the compression of 
the monolayer at a constant rate to the desired pressure.sb,s~,ss The surface pressure is held 
constant as the submerged silicon substrate is lifted from the trough. 
The substrates for LB layers are polished silicon wafers (Semiconductor Processing 
Co.) of the {100} orientation. Wafers are cleaned to remove any organic and inorganic 
contaminants from the surface following an established procedure.59 The wafer is cut into 
appropiate sized pieces using a diamond cutter and rinsed thoroughly with NanoPure water. 
The sample wafers are then placed in a Teflon holder and sonicated for five minutes to 
remove any silicon dust. The sample wafers are then submerged in the holder in a 1:3 
mixture of 30%hydrogen peroxide and concentrated sulfuric acid for one hour. The samples 
are rinsed three times with NanoPure water and dried under a stream of dry nitrogen. The 
samples are placed in individual bottles and stored in a desiccator. 
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2.2.2 Synchrotron studies 
Langmuir and LB monolayers offer the possibility to study molecular interaction in a 
two-dimensional setting in contrast with many structural characterization techniques that 
provide bulk properties. The molecular structure of the monolayers can vary from bulk 
structures of similar molecules because the lateral packing is limited in one direction. 
Traditional X-ray scattering techniques have several limitations. The first is the brilliance of 
the primary beam is too low to produce a high enough output signal. Secondly the 
techniques are limited to solid supported films. A solution to both of these problems is to 
perform X-ray reflectivity and grazing incident X-ray diffraction on liquid supported 
Langtnuir films at surface pressures similar to the pressure films were deposited onto solid 
substrates. Use of a high brilliance X-ray source is necessary for the high intensity of the 
primary beam. 
X-ray reflectivity gathers data about the monolayer at the air-water interface and 
averages the data over the entire footprint of the beam on the surface. The data is then used 
to calculate a box model to describe the electron densities across the interface and relate them 
to the arrangement of the molecular fragments.60 The box model consists of slabs of 
differing thickness and electron density stacked above the water subphase with known 
electron density (0.33 x 103 e/nm3). Thermal vibrations and surface roughness are accounted 
for by smearing the interfaces. The calculated box model is compared with molecular 
models to determine arrangement of the molecular fragments. The reflectivity used to fit the 
experimental data is calculated from: 
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where the Ro(QZ) is the reflectivity from step-like functions and the 6 is the surface 
roughness. The reflectivity calculated for various trial electronic density profiles is 
compared with experimental results during the fitting procedure. 
Diffraction of the two-dimensional film at a grazing angle indicates the lateral 
packing structure on the Langmuir monolayers. Ideally, alkyl tails can be modeled as 
cylinders packing in hexagonal structures with the tails normal to the air-water interface.61
This phase is known as the "rotator phase" named for the rotating tails. Upon increasing the 
pressure, thereby increasing the density of the monolayer, the tails assume their true elliptical 
shape. The tails assume a "herring bone" packing structure, eventually transforming from 
hexagonal to orthorhombic structures. Kaganer and Loginov describe the multitude of 
packing structures in the framework of the Landau theory.62 Additional information about 
the monolayer can be discerned from the width of the peaks. The narrower the peaks appear 
the larger the correlation lengths in the direction of the peak. 
Cross-sectional mismatched between the polar focal group and the alkyl tail leads to 
tilt of the tails away from the surface normal. Traditional carboxyl focal groups have a 
slightly larger cross-sectional area than the alkyl tail therefore in the low-pressure regime the 
alkyl tails can tilt approximately 15-30° from the surface normal. Larger polar groups cause 
larger tilt angles between the alkyl tails and the surface normal. The direction of the tilt has 
been discovered to be in one of two usual directions: toward nearest neighbor (NN) and 
toward next nearest neighbor (1~1T1N).63 Atypical orthorhombic unit of alkyl tails is shown in 




Figure 11. Orthorhombic unit cell of alkyl tails with NN and r~][~N tilt directions 
indicated. 
The form factor of the diffracting object can be determined by measuring the rod 
scans along the surface normal at the 2D Bragg's reflections. Quantitative analysis of the 
intensity of the 2D Bragg reflection rod is preformed using the framework of the distorted 
wave Born approximation (DWBA)64 
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where t(kZ,f) is the Fresnel transmission function which gives rise to the enhancement around 
the critical angle of the scattered beam. Using a model of a cylinder of a length l and a fixed 
radius equal to the cross-sectional radius of alkyl chain to describe the alkyl tails, the tilt of 
the tail was varied to determine the orientation of the tails. In the model the intensity was 
adjusted for two tilt directions: one toward nearest neighbor (NN) and the second toward next 
NN (NNN) 63 The form factor of the tails is given by 
F~Qz') = sin~Qz'Z/2)~~Qz'Z/2) ~4) 
where QZ' is defined along the long axis of the tails. 
X-ray reflectivity and a combination of X-ray grazing incident diffraction 
measurements are preformed on Langmuir layers using the Ames Laboratory liquid-surface 
diffractometer at the 6ID beamline at the Advanced Photon Source synchrotron at Argonne 
National Laboratory.6s,66,6~,6s Figure 12 shows a schematic drawing of the experimental 
setup of the 6ID beamline. The monolayer is deposited on the surface of a Langmuir trough 
contained in ahelium-filled chamber to decrease the oxidation of the molecules over the 
duration of the experiment. An insertion device is used to draw the primary beam from the 
storage ring. The beam is diffracted by a monochromator to remove all nondesirable high-
and low-energy photons, allowing a narrow ban of photons before passing through a series of 
two movable slits to reduce the beam to the desired size. A downstream Si double crystal 
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monochromator is used to select the x-ray beam at the desired energy (~.=0.0772 ntn). The 
beam finally passes through collimating slits before entering the helium filled chamber. In 









Figure 12. Schematic of the experimental setup of the liquid surface refractometer at 
the 6ID beamline. 
2.2.3 BulkX-ray diffraction 
Wide angle X-ray scattering (WARS) and small angle X-ray scattering (SAXS) of 
bulk polymer samples provide information on the molecular ordering in a three dimensional 
sample.70 Bulk diffraction at low angles provide data for structural analysis of the bulk 
material. Using the d-spacings and peak shape from the diffraction patterns the degree of 
crystallinity, the unit cell size and the crystallite size can be calculated. Using the WARS 
technique, often ranges above seven degrees, reveals molecule-molecule interactions. Peaks 
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associated with the multiple orders of molecules can be observed in the low-angle range. 
The combination of small and wide angle X-ray scattering provides data of both molecule-
molecule interactions and the ordering of layers of molecules in crystalline planes. WARS 
and SAXS diffraction patterns were collected using a Scintage-2000 XDS diffractometer 
using copper radiation. The angular range for the samples was between 1 and 35°. The bulk 
powder samples were compressed into stainless steel holders. 
2.2.4 Atomic force microscopy 
A powerful surface characterization technique known as AFM provides a topographic 
map of the surface of a sample in atwo-dimensional image.~l This is accomplished by 
scanning the surface with a nanometer scale probe at the end of a V shaped cantilever across 
the surface in a X-Y raster pattern on a micron scale (Figure 13). A laser beam is focused on 
the back of probe and reflected onto a segmented photodiode detector. The computer 
program monitors the constant feedback loop that maintains a constant force on the 
cantilever probe. The difference in height seen is then converted into topographical features 
on the three-dimensional image shown on the monitor. A schematic of the typical design for 
Tapping Mode in AFM is shown in Figure 13. 
For the molecular systems presented here, Tapping Mode imaging is performed on 
Dimension-3000 and Multimode microscopes (Digital Instruments).72'~3 Tapping Mode 
imaging is performed on samples too soft or unstable to scan in conventional contact mode, 
where the tip is dragged across the surface. In Tapping mode the tip is oscillated near the 
cantilever's resonant frequency using the piezoelectronic crystal to eliminate the damaged 
caused when the tip is dragged across the sample. When the oscillating cantilever comes in 
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contact with the surface intermittently, the cantilever's oscillations are reduced due to the 
energy loss caused by the contact between the tip and the surface. The cantilever tip is 
deflected by changes in the vertical height of the samples, thereby reflecting the laser beam 
to a different spot on the photodiode detector. The detector perceives the changes in vertical 
height as differences in laser spot orientation and records them as contrast differences on the 
two-dimensional image. In effect, the tip taps the sample and the image recorded is the 
relationship of the tip's interactions with the sample, and not directly a map of the 














Figure 13. Schematic of a typical AFM in Tapping Mode. The figure is not drawn to 
scale. 
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Figure 14. The phase shift in the oscillating frequency of the AFM tip indicates a 
change in the chemical structure of the monolayer. 
In addition to morphology and height measurements Tapping Mode also offers 
information on the changes in the chemical structure on the polymer surfaces. Changes in 
phases might occur on plateaus or uniform films without affecting the height of the film. The 
interactions between the tip and the films will change however. The feedback system 
monitors the phase shift in the tip oscillations as well as the difference in the tips oscillating 
amiplitude. The phase shifts in the oscillations of the tip indicates a change in the film 
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structure (Figure 14). Often the changes in morphology of the film can be seen with better 
resolution in the phase images. 
Care is taken not to cause damage to the films by the AFM tip by employing a "light" 
tapping technique. Using low normal forces in scanning the sample controls the damage. 
The tip radius range is 10 to 30 nm and the spring constants are 40 to 60 N/m.74
2.2.5 Ellipsometry 
Film thickness is determined by ellipsometry (a COMPEL Automatic Ellipsometer 
from InOmTech, Inc.) with an incident angle of 70°. Ellipsometry offers a nondestructive 
optical technique to measure the thickness of a film by measuring and interpreting the 
changes in polarized light that undergoes oblique reflection. The measured ellipsometric 
angles, ~' and O which are related to the complex ratio of the Fresnel reflection coefficients 
Rp and RS for light polarized parallel (p) and perpendicular (s) to the plane of incidence such 
as 
p = Rp/RS =tan LI' exp(i0) (s) 
the complex reflectance ratio p is completely determined by an amplitude (tan lI') and a 
phase (0) and characterizes the differential changes in amplitude and phase. These changes 
are related to a transformation of a shape and orientation of the ellipse of polarization, 
respectively.~s 
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Initial estimates of the unknown parameters (sample thickness and refractive index) 
are used to construct a model of the sample structure. A set of experimentally calculated ~' 
and 0 are then generated by varying the given parameters, and result in the true thickness and 
refractive index of the ~ lm. 
After each wafer is cleaned with piranha solution and prior to film deposition the 
silicon oxide layer is measured. The average thickness is found to be between 0.9 and 1.3 
nm for different wafers. The indices of refraction, estimated from similar molecules with 
known indices, used for the polymer layers are 1.49 for AD12-N, 1.55 for CRC-N, and 1.45 
for DCD-N. An average over six measurements from different location on the substrate is 
used and reported here. 
2.2.6 UV-vis spectrometry 
The photochromic behavior of molecules can be studied using multiple techniques 
but the most common is observing the absoption versus wavelength spectra. The light is 
selectively refracted to expose the sample to single wavelengths at a time. The absorption is 
recorded by the detector and shown in wavelength versus absorption spectra. 
The IJV-vis spectra of chloroform solutions and monolayers are obtained with a 
Shimadzu-1601 spectrometer. Illumination of solutions and monolayers is done with a Blak- 
Ray ultraviolet lamp (UVP, Model B-100 AP, 100W) equipped with both a 365 nm bandpass 
filter and a 310 nm longpass filter from a distance of 0.4 m. 
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2.2.7 Molecular modeling 
To calculate the behavior of molecules at the interfaces is not a simple matter of 
drawing the molecules. The molecules are created using Cerius2 3.8 package on a SGI 
workstation that allows 360° rotation around all three axes and minimization of the energy by 
correcting the bond lengths, angles, and orientation.76 To simulate a filled space environment 
and to correct the influence created by the free space environment a force field is loaded 
before all calculations are preformed. The models presented here are all created using the 
Dreiding 2.21 force field library. Using these models geographical parameters of the 
molecules are measured as well as models of the packing structures are developed using 
information from the characterization techniques. 
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CHAPTER 3. RESULTS AND DISCUSSION 
The results presented here are divided by sample series. Conclusions pertaining to 
the individual results are also presented here while broader theme conclusions and 
discussions will be presented in the next section. 
3.1 Branched Molecules with Rod Core 
Two series presented in this thesis are based on a rigid rod core with flexible branches 
radiating from both ends of the core. The first series holds the molecular weight of all four 
samples constant while the branches in the tails is increased (Figure 6). To maintain the 
equal molecular weight the flexible tails are decreased in length. The effect of increasing the 
degree of branching in the flexible tails will be discussed as well as the effect of increasing 
the number of focal groups. The results from this study in part led to the motivation of the 
second series of samples. A similar core is used with flexible tails of differing lengths 
attached at opposite ends of the core. The results from both studies are presented below. 
3.1.1 The RDM-N series 
The structural organization properties of dendrimers can be influenced by introducing 
branching in the architecture of a dendrimer while molecular weight remains constant. This 
is seen in the RDM-N series of molecules with the degree of branching increasing as the 
generation increases. The first generation has one tail attached to each end of the rigid core. 
The number of branches increases to two, four and six tails per end for the second, third and 
fourth generations respectively. The length of the flexible oligioether tails decreases as the 
branching increases to maintain the constant molecular weight and chemical composition. 
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Thereby all differences between generations can nearly be attributed to the degree of 




~ • -.~ ~. 
, . , • , • • ••...~ '• 
~.~ 









-~- - - RDM4 
•~'~. ~~~~ 
_ _ ~` 
1 
0.0 0.4 0.8 1.2 1.6 2.0 
Area per Molecule (nm2) 
Figure 15. ~~A isotherms for the RDM-N series. 
1 
2.4 
The first differences between generations can be seen in the ~~A isotherms for the 
RDM-N series. The ~~A isotherms show the formation of stable monolayers for all four 
molecules with a consistent increase in the surface pressure until collapse (Figure 15). ~~A 
isotherms for RDM-1, RDM-2, and RDM-3 display a gradual increase in pressure for areas 
(1.1-1.6 nm2) slightly below the expected molecular area (1.5 nm2) for the rod block laying 
flat on the surface as estimated from molecular models. This behavior suggests the flexible 
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tails submerge in the subphase and support the hydrophobic rigid core. Sharp increases in 
the surface pressure below the estimated cross-sectional area of the core indicate the collapse 
of the monolayer of RDM-2 and RDM-3, and suggest the formation of bilayers. The first 
generation lacks this behavior suggesting the branched tails have a nondisturbing effect on 
the molecular packing of the rod segments. The RDM-4 sample has a steady increase in 
surface pressure for areas below 2. S nm2. This area is near the cross-sectional area of the 
entire molecule laying flat on the surface thereby implying the high degree of branching and 
the short length of the tails prevent the tails from submerging as would be expected for the 
hydrophilic tails. 
The differences are more apparent in the AFM studies of the deposited 
monomolecular films. Topography images of RDM-1 show a continuous, incomplete 
monolayer (Figure 16a). Although the monolayer does not cover the entire surface the 
segregation is incomplete. Rather than organize in domains the molecules spread over the 
entire surface area and create a continuous monolayer with large holes in the structure. 
Unlike the first generation, RDM-2 and RDM-3 form circular aggregates that lack 
uniformity in the films (Figure 16b,c). The molecules form domain aggregates with no 
macromolecular organization within the individual domains. Although both generations lack 
uniform structure, they differ from one another as well. Topography images of RDM-2 show 
domains several hundred nanometers across with varying shape and size (Figure 16b). 
RDM-3 appears to form a grainy monolayer with small circular grains of additional height 
sparsely distributed. The thickness (1.4-2.3 nm) measured by ellipsometry is several times 
higher than the diameter of the rod-coil molecules (0.5 nm), confirming the monolayer 
collapse. 
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Figure 16. a) 1 x 1µm image of RDM-1 b) 1 x 1µm image of RDM-2 c) 2 x 2µm 
image of RDM-3. Z range for all images is 10 nm for topography (left image) and 10 
degrees for phase (right image). 
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The 1.7 nm thick deposited layer of RDM-4 shows well-developed domain 
morphology with dimensions of several microns across and a texture of 50 nm grains (Figure 
17a,b). The structure is on a larger scale than the other three molecules in the series. The 
lack of uniformity in monolayers of all samples suggested a lack of organization of the entire 
series of molecules. 
Figure 17. a) 10 x 10 µm image and b) 2 x 2µm image of RDM-4. Z range is 10 nm 
for topography (left) and 10 degrees for phase (right). 
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Comparison of the ~~A isotherms for all four compounds indicates a lack in stable 
amphiphilic behavior for all generations. The rigid hydrophobic rod cores are balanced with 
the flexible polyethylene oxide) tails attached to the opposite ends of the core. By branching 
the flexible tails the mobility of the tails becomes more limited. To maintain the balance in 
the chemical composition of all four generations the length of the tails is decreased. The 
subsequent decrease in the length of the tail decreases the flexibility of the tails. The number 
of terminal focal groups and the volume they occupy is increased with the increase with the 
generation number. The limiting surface area per molecule for the first three generations is 
between the expected cross-sectional for face-on or upright orientation of the rod cores. 
These compounds likely form multilayer structures with the molecules preferring to pack 
molecule on molecule than interactions with the water subphase. The fourth generation 
appears to have aflat-orientation with the polyethylene oxide) tails remaining at the air- 
water interface. The shorter tails lack the mobility to partially submerge in the water. The 
compounds lack a uniform trend in molecular packing. 
The AFM images for all generations show domain structures in the higher surface 
pressure regions. The aggregation of the molecules indicates the molecules prefer to 
associate in limited ordered layers. The formation of bilayer structures reveals the preference 
of the molecules to interact with other molecules rather than the water subphase subsequently 
the silicon substrate. The balance between the hydrophobic and hydrophilic fragments is 
incomplete of all compounds. The hydrophilic tails are too short to overcome the preference 
of the rigid core to avoid the water subphase. However the tails are balanced equally on 
opposite ends of the core therefore the molecule is incapable of packing edge-on to satisfy 
the rod core and the flexible tails. The formation of the bilayer structure allows for the 
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molecules to partially satisfy both fragments. The thickness of the deposited layers suggests 
bilayer structures for the second and third generations. 
These samples clearly demonstrate the role of balancing the amphiphilic nature of the 
molecules at the air-water interface. The balance between the hydrophilic tails and the 
hydrophobic cores is held constant for all four generations. The effect of branching causes 
the formation of different domain structures for all generations. The transitions from 
incomplete desegregation to small domains eventually to larger domains composed of 
smaller grains suggest the degree of branching dictates how easily the molecules can form 
stable domains. Varying the degree of branching of the dendrimers using a rigid rod core 
while the molecular weight remained constant proved to have no organizational 
consistencies. 
3.1.2 The CRC-~V series 
In contrast to the RDM-N series, the length of the flexible coils is increased while the 
rigid core fragment remains consistent for the CRC-N series. Therefore the degree of 
branching is eliminated to study the effect of the influence of varying the molecular weight 
of the oligioether tails. To balance the hydrophobic behavior of the rigid rod core flexible 
polypropylene oxide) tails are attached to the terminal ends of the core. By increasing the 
number of monomeric units in each tail the ratio of the volume fraction transition from 
favoring the rigid core block to favoring the flexible coil block. For CRC-3, CRC-6, CRC-
17, and CRC-22 the number of mers in the flexible tails is indicated by the number in the 
molecular name (Figure 6). 
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The ~~A isotherms for all CRC-N have an initial increase in surface pressure upon 
decrease in molecular area and a plateau in pressure before the final steep increase in 
pressure and a final collapse (Figure 18). The increase in length of flexible tail translates into 
an increase in area per molecule. The initial area per molecule is determined by 
extrapolating a line along the rise in the ~c~A isotherm to zero pressure. By this technique the 
area per molecule for CRC-3 is determined to be 0.5 nm2 and CRC-6 is 0.74 nm2. The 
complete ~~A isotherm for the molecule with the longest tails, CRC-22 with technically 
difficult to obtain within one run due to the high cross-sectional area and limited compression 
ratio of the LB trough. The area calculated for the rigid core is 1.5 nm2 for face on 
orientation and 0.3 nm2 for edge on orientation. The intermediate area indicates unstable 
amphiphilic behavior and likely the formation of a mixed structure or bilayer at the air-water 
interface. 
CRC-3 and CRC-6 prove not to form stable amiphiphillc monolayers. The 
monolayer collapse was evident in the incomplete monolayer structure of the lower 
generations. AFM studies of deposited monolayers for surface pressures near plateau and 
final sharp increase show domain structures and wrinkles in the morphology (Figure 19). 
The defects in the monolayer and the smaller than expected cross-sectional area for the two 
compounds suggest the air-water interface is unfavorable for the formation of monolayers. 
The balance of volume fractions favoring the hydrophobic rod block appear to be unable 
form a stable monolayer. 
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Figure 19. AFM topography and phase images of a) 2 x 2µm image of CRC-3 and 
b) 2 x 2µm image of CRC-6. Z range is 10 nm for topography and 15 degrees for phase. 
Unlike the shorter tailed molecules, the CRC-17 molecules with longer flexible tails 
demonstrated classic arnphiphilic behavior with steadily rising surface pressure for the 
surface area per me>lecule below 13 nm2, constant pressure for the surface area within 3.3 — 
1.5 nm2, and final collapse for the surface area below 1 nm2 (Figure 18). Reversibility of the 
monolayer behavior at the air-water interface was tested by repeating compression-expansion 
cycles for the monolayer several times. A very modest hysteresis was observed for each 
cycle for CRC-17 indicating modest creep and a short recovery time for the long PPO chains 
to expand to original random coil conformation. The CRC-17 monolayers were deposited on 
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the solid substrates at different surface pressures, from different solutions, and under variable 
"annealing" conditions (monolayer relaxation before the deposition) and showed consistent 
results. The CRC-17 monolayer possess a variety of molecular organizations at various 
surface pressures resembling that predicted for the bulk rod-coil molecules.2o,2s 
0 ~, 
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Figure 20. AFM topography images of CRC-17 of monolayers deposited at a) 3.6 
nm2 per molecules, 400 x 400 nm, Z-range is 1 nm and b) 2.2 nm2 per molecules, 200 x 200 
nm, Z-range is 0.8 nm. 2D Fourier transforms for both monolayers are shown in inserts. 
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AFM observations for CRC-17 showed that monolayer films were smooth and 
uniform on a microscopic scale (5-20µm across). Higher magnification revealed a variety of 
surface morphologies (Figures 19, 20 and 21). At a high area per molecule of 7-12 nm2 close 
to the cross-sectional area of CRC-17 molecule lying flatly on a surface (about 8 nm2), 
grainy surface morphology was visible with distance between the grains of 18±4nm and a 
lateral dimension of the grains of 12±3 nm (evaluated taking into account tip radius of 20 
nm) that is close to the length of the molecules in the near extended conformation (12-16 nm, 
depending upon the degree of PPO chain curling). Short-range ordering in the micellar 
packing was expanded over 5-7 grains as demonstrated by cross-sections (Figure 20). 
Heights of these grains were in the range of 0.3-0.4 nm that corresponded to the overall 
thickness of the monolayer of 0.34 nm obtained from ellipsometry. This confirmed a flat 
arrangement of CRC-17 molecules under these conditions. 
Compression of the CRC-17 monolayer to the surface area per molecule below 7 nm2
lead to the first signs of aggregation of grainy structures and the formation of poor ordered 
clusters as confirmed by the appearance of a diffuse halo on 2D Fourier transforms (Figure 
20b). Further compression below 4 nm2 (significantly smaller than the molecular area of a 
flat molecule, 8 nm2) resulted in the formation of relatively well-ordered lattice of 
rectangular type as confirmed by the four-point Fourier transform (Figure 21 a). The unit cell 
dimensions are 10.6 x 9.7 nm. The thickness of the monolayer in this state increased twofold 
to 0.6-0.75 nm. 
Finally, at lower surface area per molecule (below 2.5 nm2), on a verge of monolayer 
collapse (the molecular area of the rigid block is about 1.5 nm2), a perfect lamellar lattice 
becomes visible with periodicity of 6.5 ± 0.6 nm (Figures 20b and 21 a-b). The lamellae are 
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very well ordered on a microscopic scale and possess high orientational ordering as can be 
seen from the 2D Fourier pattern (Figure 21b). Uniform height is observed within the 
lamellae. Across the lamellar structures, 4-5 nm long elevations are separated by 2 nm long 
grooves of 0.3 nm deep. On a larger scale, micrometer size domains possess sharp 
boundaries of abrupt change of lamellar orientation and minor bending of the lamellae within 
the domains (Figure 22b). The thickness of the monolayer increases to 1.5 nm in this range 
and rises to 4 nm for surface areas below 1.5 nm2, within the collapse region. 
100 200 300 400 100 200 
Figure 21. AFM images of the CRC-17 monolayer at high surfaces pressures. a) 
Topographical image at the surface area of 3.6 nm2 per molecule, 400x400 nm; the Z-range 
is lnm; the inset shows the 2D Fourier transform. b) Topographical image at 2.2 nm2 per 
molecule, 200x200 nm; the Z-range is 0.8nm; the insert shows the 2D Fourier transform. 
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Figure 22. AFM images of the CRC-17 monolayer at high surfaces pressures a) 
Higher resolution topographical image at the surface area of 2.2 nm2 per molecule and 
surface cross section, 50x50 nm; the Z-range is lnm; the insert shows the 1D Fourier 
transform of the surface cross section. b) Topographical image of the monolayer with 
lamellar domains, 900x900 nm; the Z-range is 1 nm; domain boundaries with abrupt changes 
of lamellar structure are visualized by illumination. 
Molecular reorganization of the rod-coil molecules within the Langmuir monolayer 
can be understood considering theoretical treatment of phase states of rod-coil molecules in 
the bulk state and known behavior of water-soluble flexible chains at the air-water 
interface.2o,2s First, for a given chemical composition of CRC-17 molecules with a volume 
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fraction of the rod block of about 20% (as calculated from volume fractions of different 
blocks), theory predicts the formation of cylindrical micelles and their aggregates with rod 
blocks tightly packed and surrounded by coil blocks. 2D analogous of a cylindrical micelle is 
a circular micelle. Ordered lattices of cylindrical structures are expected for rod volume 
content higher than 30%. Finally, for rod content higher than 50%, the formation of lamellar 
morphology is expected. Although the phase transition theories discussed consider a diblock 
rod-coil molecule, it is suggested that the same transitions and phases can be expected for a 
triblock rod-coil molecule. This is confirmed by numerous studies of bulk morphologies of 
block-copolymers. E.g., Molau~~ and Dawkins78 suggested similar models for expected 
morphology AB and ABA block copolymers with varying volume fractions. 
Indeed, it is observed that at a very low surface pressure where molecules lie flat and 
the molecular area is close to unperturbed molecular dimensions, the rod-coil molecule forms 
micellar structures with dimensions close to the length of the molecule with slightly coiled 
tails. Taking molecular area of about 8 nm2 and packing coefficient of 70%, it can be 
estimated that a single aggregate contains 20-30 molecules packed in a manner similar to a 
"monolayer" puck proposed by Fredrickson for the bulk structure (Figure 18).20
Decreasing the surface area available for the rod-coil molecule results in both 
significant shrinkage of inter-micellar distance and increasing layer thickness. This kind of 
transition can be associated with molecular reorganization caused by partial desorption of 
water-soluble tails from the air-water interface into the aqueous phase.79 At higher surface 
pressures, the enthalpy gain achieved by this reorganization exceeds the loss of entropy 
caused by folded and compressed flexible tails. This restructuring leads to the formation of 
an ordered lattice from micelles composed of the topmost rod-block and partially submerged 
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flexible tails (Figure 18). The total layer thickness doubles and "effective" content of the rod-
blocks in the topmost layer increases to 31 %due to partial submerging of the flexible tails. 
This composition at the air-water interface should favor to cylindrical packing of micellar 
aggregates.25 Indeed, this type of molecular reorganization is observed for the CRC-17 
monolayer at this surface pressure. A total number of molecules in one circular micelle 
estimated from the unit cell dimensions remains unchanged (20-30 molecules). The 
rectangular unit cell observed is different from the hexagonal structure predicted for the bulk 
state.25 However, it is similar to the tetragonal lattice of micellar aggregates with unit cell 
parameters of 9.0 x 8.3 nm observed for this molecule in the bulk LC state.80
The compression of the monolayer to the surface area comparable with rod-block 
dimensions, initiates the second molecular reorganization. This reorganization can be related 
to the folding of the flexible tails and their dehydration due to expelling associated water 
molecules from densely packed areas beneath the air-water interface (Figure 18).79 In this 
state, flexible tails can adopt brush-like conformation increasing a total thickness of the layer 
to about 1.5 nm. The thickness of grafted flexible molecules of comparable molecular weight 
is within 1-3 nm depending upon the grafting density.81'82'$3 As a result of chain desorption, 
effective content of the rod blocks at the air-water interface increases further to about 50%, 
thus, causing the formation of lamellar structures favorable for such content.25 Micelles are 
coalesced to form uniform lamellae. Further compression leads to the monolayer collapse 
and the formation of the second layer. 
CRC-22 molecules with a lower content of rod blocks (below 15%) do not show the 
richness of the phase behavior of the previous molecule despite a similar shape of the ~c~A 
isotherm (Figure 18). This was puzzling considering that even modest compression would 
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result in sufficient change of effective composition and, thus, similar molecular 
reorganizations. The very high fraction of water-soluble blocks disturbs a delicate 
amphiphilic balance of the rod-coil molecules at the air-water interface, preventing 
reorganization of rod blocks immersed with a sea of hydrophilic block beneath. Probably 
steric constraints imposed by a high volume of PPO blocks compressed in the water subphase 
on chemically attached rod blocks affect their ability to aggregate in ordered structures. 
In fact, the monolayer displays poorly ordered micellar aggregates at all pressures. 
Only at the highest reachable pressure, in the collapse region (area per molecule of below 1.5 
nm2), weak tracks of lamellar structures within the collapsed monolayers increases from 0.6 
nm at 10 nm2 per molecule to 4.1 nm at 1.5 nm2 per molecule at the highest pressure. The 
thickness of the monolayer at higher surface pressures indicate a rearrangement of the coil 
blocks, but the lamellar structure formed is incomplete. Unlike the CRC-17 molecules, 
which partially submerged the PPO coils, the CRC-22 molecules fully submerge under 
higher pressure creating a bilayer of compressed molecules. Instead of submerging the tails 
until the volume fractions is favorable to a phase change, the entire molecule is pushed out of 
the surface plane and supports the molecules that remain at the air-water interface, thereby 
increasing the monolayer thickness while having little noticeable effect on the surface 
morphology. 
The linear rod-coil molecules show a modest trend between the molecular structure at 
the air-water interface and the total length of the molecule. The two lowest molecular weight 
generations form bilayer structures with defects and wrinkles seen in the morphology. The 
molecules with three and six PPO mers per tail appear to lack the ability to organize into 
stable monolayers. The weak attraction between coil blocks and the water subphase is 
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outbalanced by the repulsion of the hydrophobic core. Greatly increasing the molar ratio 
between the rod and coil blocks allows for the molecules to form stable monolayers with 
interesting phase transitions. The decrease in area per molecules for the CRC-17 results in a 
transition from micellar formation to organization of the micelles in an orthorhombic 
structure and finally lamellar structure. The flexible coils reorganize and submerge in the 
water subphase, thereby supporting the hydrophobic cores. The delicate balance in the 
amphiphilic behavior is disrupted when five additional PPO mers were added to each tail. 
The CRC-22 forms disorganized micelles at high area per molecule and limited lamellar 
structure at lower area per molecule. The longer coil tails prove unable to reorganize as well 
as the tails of the CRC-17 molecules. The necessary balance in rod to coil blocks appears to 
be optimum for the CRC-17 molecule. 
The CRC-N compounds clearly indicate the importance of the balancing of 
molecular fragments play in the ability of the molecules to form ordered layers at the air-
water interface. The lower molecular weight compounds prefer the formation of disordered 
multilayer structures. The hydrophobic cores overpower the hydrophilic tails attraction to the 
water subphase and push out of the air-water interface. The molecular fraction of the coil 
blocks is increased three times between the second and third generations. This increase 
makes the molecular block ratio to favor the coil blocks versus the rod blocks as was seen for 
the lower generations. The increase in molecular weight of the hydrophilic tails balances the 
molecular fragments better in the CRC-17 compounds and allows for the cores to form 
preferred ordered structures. The cores aggregate toward one another, pushing the 
hydrophilic tails into the water subphase. By decreasing the area per molecular the 
molecular block ratio becomes more favorable toward the rod blocks as more of the coil 
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blocks are forced out of the surface plane. In turn the coil blocks support the rod blocks 
above the water surface. The increase in coil blocks from the second to fourth generations is 
nearly four-fold, however the rod blocks role is severely reduced and the balance is 
disrupted. 
Comparison of the two rod-coil series suggests the stability of the monolayer 
increases with the longer hydrophilic tails and the delicate balance is disrupted when the 
molecular fragment ratio favors one block too much. The two lowest generations of the 
linear rod-coil molecules (CRC-3 and CRC-6) had an incomplete bilayer structure with 
defects. The first generation of the branched rod-coil molecules, RDM-1 had 12 monomeric 
units per tails, yet the monolayer formation was incomplete. The monolayer deposited at the 
highest surface pressure forms a continuous domain structure with small defects. Branching 
the flexible coil tails creates further disorder shown in the formation of circular domains with 
no ordering between the domains shown. RDM-2 and RDM-3 compounds formed domains 
of varying sizes on top of the disordered monolayers. Further branching of the coils seen in 
the R.DM-4 compound reduces the flexibility of the coils and hinders the monolayer 
formation. Although the degree of branching is increased, the ratio between the molecular 
fragments is held constant therefore the balance in the amphiphilic nature favors the rod 
blocks for all four generations. The increase in the number of focal groups changes the 
morphology of the monomolecular layers formed at the air-water interface but the formation 
of a stable monolayer is incomplete. 
Comparison of the generations of both series showed all compounds with six or less 
monomeric units in the coils formed bilayer structures. The ~~A isotherms of those 
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compounds indicated the bilayer structure with the intermediate cross-sectional area between 
the edge-on and face-on orientation of rigid core. 
Increasing the length coil block achieves a balance in the axnphiphilic behavior of the 
linear rod-coil molecules. However overcompensation by lengthening of the coil blocks also 
disrupts the balance in the molecular fragments that led to the phase transition. While CRC-
17 displayed full range of phase transitions indicating a shift in the volume fraction of the 
coil block, CRC-22 lacks the clear phase transitions. 
3.2 Branched Molecules with Rigid Discotic Core 
The DCD-N series has a similar basis as the two previous systems discussed. Long 
flexible, branched tails surrounds a rigid discotic core (Figure 7). The number of tails per 
molecule is increased as well as the size of the core and tails. This is to contrast the effect of 
increasing the generation number versus simply enlarging the overall size of the molecule. 
To understand these differences completely monomolecular layers will be studied at the air-
water interface and on solid substrates. 
The chemical structure of the DCD-N series is unique because of the branched 
hydrophilic tails attached to the terminal phenyl rings. Previous examples of discotic 
molecules at the air-water interface had alkyl tails attached to the focal points of the rigid 
discotic core. To maintain an amphiphilic nature a polar group is attached to one of the alkyl 
tails. The molecules pack in an edge-on conformation facilitating the formation of columnar 
structure. Several compounds lacked the terminal phenyl rings that act as a link between the 
rigid core and the flexible tails. 
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Figure 23. ~~A isotherms of Langmuir monolayers of DCD-N. 
In order to investigate the aggregation behavior of the amphiphilic discs at the air-
water interface, ~c~A isotherms were recorded for all compounds on a water subphase after 
residual solvent evaporation (Figure 23). The ~~A isotherms for DCD-1 and DCD-3 possess 
shapes common for amphiphilic molecules with large surface areas because of the 
considerable cross-sectional areas of the discotic cores.54 They are characterized by two 
distinct phase regions as the surface pressure is increased. The areas per molecule at the two 
monolayer transformations of DCD-1, obtained by extrapolation to a zero pressure, are 5.80 
and 1.40 nm2, respectively (Figure 23). Molecular models show the surface area of the 
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aromatic core equal to 1.02 nm2 and the surface area increases to 2.70 nm2 if terminal phenyl 
rings are included (Figure 7). The dashed circles in Figure 7 represent the area of the total 
circle calculated with a diameter of phenyl ring to ring. This area would represent the cores 
packing with no interdigitation of the terminal phenyl rings. The cross-sectional area per 
molecule increases to 10.50 nm2 if extended peripheral tails are located in the plane of the 
discotic core, in good agreement with the cross-sectional area per column in the bulk LC 
state (normalized on packing density of cylinders) calculated from X-ray data.sl Therefore, 
analysis of the experimentally observed cross-sectional areas immediately points to 
significant bending of the hydrophilic tails in the condensed monolayer state. It is suggested 
that at the first transformation, the molecules adopt an orientation in which the hydrophobic 
aromatic core lies flat on the water surface and the hydrophilic peripheral chains are partially 
bent towards the water surface. 
-1 




Figure 24. a) X-ray reflectivity data at air-water interface for DCD-1 and DCD-3 
with the best fit: the symbols represent the data while the solid lines represent the fits. b) The 
two-box model with sharp interfaces and corresponding smeared electron density distribution 
along the normal to the surface plane for the highest pressure for DCD-1. 
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X-ray reflectivity data confirm flat-on orientation of the rigid cores at the air-water 
interface at low surface pressures. It shows only one broad maximum with fast decreasing 
intensity for Q>3.0 nrri 1 (Figure 24). The best fit of the experimental data can be obtained 
with atwo-box model with the higher electron density seen for the flexible tails submerged 
in the water phase and lower electron density for the loosely packed aromatic cores (Figure 
24). The higher electron density of terminal chains indicates significant presence of the water 
molecules at the two surface pressures analyzed here (Table 1). On the other hand, the low 
electron density of aromatic core areas reflects their loose packing within the monolayer at 
very low surface pressures. The length of the terminal tails projected on the surface normal is 
equal to 1.0 nm for molecule DCD-1, slightly lower than the contour length of 1.5 nm. 
Increasing the surface pressure slightly above the first transformation resulted in thickening 
of the "tail layer" to 1.4 nm and modest increase of the packing density of aromatic cores 
(Table 1). These parameters correspond to a crab-like conformation of the discotic molecules 
with the oligoether terminal chains being completely submerged in water (Figure 25). 
Table 1. Structural Parameters of monolayers of DCD-1 and DCD-3 deduced from 
fitting reflectivity data with the two box models for different pressures. 
DCD-1 DCD-3 
Pressure (mN/m) 7 10 7 10 
Tail Length (nm) 1.04 1.40 1.09 2.11 
Tail Density (10"3 e/nm) 0.44 0.40 0.40 0.39 
Core Length (nm) 0.69 0.59 0.36 0.62 
Core Density (10-3 e/nm3) 0.08 0.11 0.12 0.86 
Roughness (nm) 0.27 0.33 0.26 0.60 
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Ellipsometric "effective" thickness of the monolayers deposited on a solid substrate at 
pressures close to this transition equals to 0.6 nm and confirmed virtually flat orientation of the 
molecules (Table 2). This demonstrates that the presence of branched, water-soluble peripheral 
chains instead of traditional hydrophobic single alkyl chains causes restructuring from 
traditional, edge-orientation of discotic molecules 84'86'g~'8g to flat, face-on orientation on both 
water and solid surfaces. Increasing the pressure to slightly above the transition to the 
condensed state results in monolayer thickness of 1.2 nm corresponding to molecular dimension 
of molecules in a crab-like conformation (Figure 25). 
Table 2. Ellipsometric thickness of LB layers of the DCD-N samples at various 
pressures. 
Pressure (mN/m) Thickness (nm) 
DCD-1 5 0.59 
12 1.23 
30 2.71 
DCD-2 20 0.57 
30 1.43 
DCD-3 5 0.56 
10 1.06 
50 2.70 
Compression of the monolayer above 6 mN/m at the air-water interface resulted in 
steady increase of the surface pressure over a wide range of areas followed by a sharp rise at 
very small cross-sectional areas. Considering that this increase happened at 1.40 nm2 that is 
much smaller than the area required for either flat-on or edge-on orientation of a single 
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molecule, it can be suggested that this transition corresponds to a collapse of a single 
monolayer and the gradual formation of the bilayer structure (Figure 23). This intermediate 
molecular area between the expected area per molecule an edge-on orientation and single 
layer orientation confirms the formation of a bilayer structure. The idea of edge-on 
orientation is discounted also by the smaller than expected thickness of the high surface 
pressure monolayer films. The total layer thickness of 2.7 nm for monolayers at high surface 
pressure deposited on a solid substrate as measured by ellipsometry confirmed the bilayer 
film structure of crab-like molecules (Table 2). 
Direct confirmation of the formation of the bilayer structure came from AFM imaging 
of the monolayers (Figure 26). At surface pressures below the first transformation, only 
uniform, featureless morphology was observed (not shown). However, at pressures in the 
very beginning of the sharp pressure rise, characteristic domain texture was recorded with 
sizes of uniform domains of several micrometers across (Figure 26). Six-fold orientational 
symmetry clearly shows up within the domains. It manifests itself in needle-like islands 
preferably oriented along one of three axes and are frequently intersected at ~60 and 120°
angles. Examples of the preferred orientation of the islands in demonstrated in Figure 27 
with the desired axes labeled. The height of these islands is 1.5 — 1.7 nm, close to the 
estimated thickness of the molecules in the crab-like conformation (Figure 25) and is about 
50% of the total thickness of the films derived from ellipsometry. At pressures greater than 
20 mN/m, it was observed a very uniform surface morphology as a result of coalescence of 
the topmost islands (not shown). 
Therefore, at intermediate surface pressures (6-10 mN/m), the initial stages of the 
collapse of the monolayer are observed and the formation of the second layer through the 
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initial growth of anisotropic islands. Symmetry of the island orientations indicates the 
underlying layer possesses 2D six-fold symmetry that is commensurate with face-on-
orientation of the molecules at interface. Indeed, high-resolution imaging of the LB films 




Figure 25. Schematic representations of DCD-1 at the air-water interface and 
deposited on solid substrate. a) molecules are at low surface pressure, b) oligoether chains 
submerged in subphase as surface pressure is increased, c) formation of bilayer at air-water 
interface and d) the formation of LB film on the solid substrate. 
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Figure 26. AFM images: a) l Ox 10 µm scan of DCD-1 at 12mN/m surface pressure, b) 
2x2 µm scan of monolayer area, c) 2x2 µm scan of DCD-3 at 10 mN/m surface pressure. The 
left images are topography and the right are phase. 
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Figure 27. SPM images: a) 900x900 nrri topography scan of DCD-1 at 12 mN/m 
surface pressure demonstrating selectively oriented anisodiametric islands, b) 250x250 nm 
topography scan o►f monolayer surface area selected outside of islands with 2-D Fourier 
transformation of the image. 
(Figure 27). First, all islands have very uniform width of 30-40 nm and the length in the 
range from 100 to 200 nm as estimated after correction on the AFM tip dilation. They show 
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clear grainy structure with, on average, the width of islands composed of two grains of about 
20 nm across (Figure 27). Scanning of the monolayer in the occasional surface areas with 
scarce islands resolved an ordered lattice with periodicity of about 24 nm (Figure 27b). This 
lattice generates the 2D Fourier pattern that confirms its six-fold symmetry (inset of Figure 
27b). Clusters, which compose this lattice, have lateral sizes close to 20 nm. Considering the 
average diameter of theDCD-1 molecules in the crablike conformation of about 3 nm (Figure 
7), it is suggested that a single cluster is composed of an array of 7x7 molecules. The nature 
of such aggregation is not clear, but is related to in-plane frustration during structural 
relaxation caused by transfer from water to solid surface. Indeed, as suggested for the 
monolayer at the water surface, the oligoether tails are submerged in the water (Figure 25). In 
contact with a solid silicon oxide surface they are in more confined conditions with a minor 
presence of water and must rearrange themselves to adapt a monolayer of 1-1.2 nm thickness 
by partially rearranging themselves beneath the aromatic cores. It can lead to contraction of 
the lateral packing and formation of in-plane aggregates separated by regular defects. 
Molecule DCD-3, based on a larger aromatic core (Figure 7), also shows a very 
similar phase behavior and monolayer microstructure to that of DCD-1. Indeed, the ~~A 
isotherm has the same shape except slightly larger cross-sectional areas per molecule at both 
transitions caused by the presence of additional phenyl rings in the aromatic core and 
additional monomeric unit in the oligoether tails (Figure 23). The first transition at 7.10 nm2
corresponds to the calculated area of an aromatic core (circle with a diameter of 3.1 nm), 
indicative of face-on orientation to the water surface with bent side chains similarly to the 
DCD-1 molecule (Figure 7). The thickness of the monolayer at the air-water interface, 
obtained from X-ray reflectivity data, is virtually indistinguishable from the thickness of the 
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monolayer DCD-1 (Figure 24, Table 1). Also, very similar to that of DCD-1, the second 
transition at 1.80 nm2 corresponded to the formation of the second layer via needle-like 
island growth (Figure 26). The thickness of the final film and the parameters of the 
microstructural ordering of DCD-3 are very similar to ones observed for DCD-1 (Tables 1, 
2). 
On the basis of these data, the molecular architecture on the surface monolayers of 
both DCD-1 and DCD-3 molecules can be described as an interesting crab-like shape which 
aggregates to form a monolayer as illustrated in Figure 25. In contrast to the thermotropic 
phase behavior that favors the formation of highly ordered columnar aggregates through a 
strong face-to-face interaction as evidenced by a (100) reflection of the X-ray diffraction 
pattern, the hexabenzocoronene cores are packed in a face-on arrangement at the air-water 
interface.sl Surface domains are composed of an array of 7x7 molecules. It is worth to note 
that this interfacial behavior is in contrast to that in other symmetrically substituted rigid 
discotic molecules with single side alkyl tails, which favor an edge-on orientation at the air-
water interface 43,sa,ss,g6,s~,ss,s9 This interesting behavior is believed to originate from a strong 
hydrophilic character of the symmetrically substituted peripheral oligoether chains that have 
a tendency to dip into the water subphase. On the other hand, branching creates more 
challenging conditions for local ordering of the side chains and prevents side-on orientation. 
These results demonstrate that the symmetrical incorporation of hydrophilic chains at the 
periphery of an extended aromatic core provides a powerful strategy to combine thermotropic 
liquid crystalline behavior and amphiphilic self-organization within one molecule. 
In contrast, the DCD-2 molecule based on tetrabranched oligoethers with higher 
molecular mass shows very different behavior at the air-water interface (Figure 23). 
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Transition to dense packing occurs at higher surface area per molecule due to presence of 
bulky branched peripheral chains. This is followed by very steady increase of the surface 
pressure during gradual collapse of the monolayer and the formation of a disordered film 
without any indications of lattice ordering. The AFM images show a uniform featureless 
Figure 28. AFM topography and phase images of DCD-2 a) 2x2 µm scan of film 
deposited at 20 mN/m b) 2x2 µm scan of film deposited at 30 mN/m. The z range is 10 nm 
and 20 degrees. 
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monolayer at moderate pressure (Figure 28). Increasing the deposition pressure to 30 mN/m 
appears to cause a partial collapse of the monolayer with circular domains appearing to build 
on the top of the initial monolayer. Unlike the di-branched molecules, DCD-2 lacks the 
hexagonal ordering seen in the formation of the domains. This provides the proof that 
attaching four tails to each terminal phenyl ring pushes the flexible tails out of the molecular 
plane and disrupts molecules from ordering in the hexagonal lateral packing seen in the other 
generations. 
The first and third generations of the DCD-N compounds organize in initial 
monolayers with hexagonal lateral packing at molecular areas higher than the cross-sectional 
area of the rigid discotic core. The attraction between the subphase and hydrophilic tails is 
overbalanced by the repulsion of the hydrophobic cores by the water subphase. The low-
pressure plateau region in the ~~A isotherms originates from the formation of an ordered 
bilayer structure on top of the initial monolayer. The molecules rearrange in needlelike 
domains on 60° and 120° axes. The attraction between the hydrophobic cores facilitates the 
core-to-core packing suggested here. The molecules prefer forming a bilayer structure with 
the cores aligned and both sets of hydrophilic tails attracted to the water subphase. The 
additional terminal phenyl ring between the first and third generations simply increases the 
molecular area the transitions occur. Increasing the degree of branching from the DCD-1 to 
DCD-2 disrupts hexagonal ordering. Branching four flexible tails off of a terminal phenyl 
ring versus two creates a steric hindrance that forces several of the tails out of the molecular 
plane. By forcing the tails out of the molecular plane of the core the two-dimensional 
ordering is destroyed and amorphous monolayers form at low and moderate surface 
pressures. Monolayers of DCD-2 deposited at the higher surface pressure showed domain 
69 
structured but the circular domains lacked ordering. The absence of the hexagonal ordering 
of in the second generation suggests the degree of branching of the tails plays an important 
role in the ability of the rigid discotic molecules to form ordered monolayer and bilayer 
structures. The higher order of branching disrupts the ordering by forcing the flexible tails 
out of the plane. At the air-water interface the tails are unable to fully submerge and some of 
the tails remain at the interface interfering with the cores ability to pack closely together. 
The preferred ordering of the dibranched molecules is absent from the tetrabranched 
generation. Clearly the degree of branching has a greater influence on the ordered packing of 
the discotic compounds versus the increase in overall molecule size. 
3.3 Monodendrons with Flexible Discotic Core 
The monodendron series based on a flexible discotic core and increasing number of 
alkyl tails offers insight in the photochromic behavior of dendrimers and the influence of the 
cross-sectional mismatch on the lateral packing structure of the molecules at the air-water 
and air/solid interfaces. An azobenzene spacer was placed between the bulky crown ether 
head and the varying number of C12 alkyl tails. The photochromic response of the molecules 
was examined in dilute solutions, at the air-water interface and on solid supported samples.90
Questions arose from these studies into how the cross-sectional area mismatch influenced the 
packing of the molecules for each sample. For the lowest generation with one alkyl tail the 
cross-sectional mismatch favors the bulky crown ether discotic head, while for the highest 
generation the mismatch instead favors the eight alkyl tails attached to a single core. 
Previously published comparative studies have evaluated the behavior of these molecules on 
solid surfaces and a similar series with C 1 o tails at the air-water interface and deposited self-
~o 
assembled layers.9x'92 The focus of this study is to understand the kinetics of the cis-trans 
conformation switching and its effect on the molecular packing of the dendrimers. 
Molecules containing an azobenzene spacer group have two stable isomers, the trans 
isomer when the angle between the N-N double bond is 180°, shown in Figure 29, and the cis 
isomer when the angle decreases to approximately 120°. The cis-trans isomer conformation 
is stimulated by narrow wavelength bans. Proof of this isomer transition can be seen in the 
UV-vis spectra of dilute solutions of the azobenzene compounds. Selective appearance and 
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Figure 30. UV-vis spectrum for the AD12-N series in dilute solutions a) before 
irradiation and b) one minute after irradiation with 365 nm light. 
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Figure 31. AFM phase images a) 100 x 100 nm of the initial oriented monolayer of 
AD12-4 and b) 200 x 200 nm of the UV-illuminated monolayer. The Z-scale for both is 10°. 
UV-vis spectrometry of dilute solution of the AD12-N molecules show the distinctive 365 
nm peak that denotes the presence of the ~-~* transition of the trans-isomer of azobenzene 
fragment (Figure 30a). The 238 nm peak is characteristic of the phenyl rings present in the 
dendritic tails. After 1 minute illumination the 365 nm peak is near completely diminished 
while two new peaks appear at 455 nm and 318 nm, the first peak characteristic to the n-~* 
transition (Figure 30b). The transfo~~~iation can be reversed by storing the solutions in 
complete darkness for an extended period of time or can be accelerated by illumination with 
a 450 nm light. 
Conformation of the effect of isomer transitions in deposited films is seen in high-
resolution AFM studies of AD12-4 films. The high-resolution images suggest AD12-4 
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organizes in orientated monolayers on solid surfaces. The phase image of the monolayer 
before illumination denotes 100-150 nm long, straight strips that form a continuous pattern 
(Figure 31 a). After UV irradiation the pattern is broken and the strips appear to organize in 
fragments with the length limited to 10-20 nm (Figure 31b). The regular ordering is replaced 
with short-range ordered irregular domains. The thickness is not affected by this trans-cis 
isomerization thereby indicating in-plane intralayer reorganization. 
X-ray diffraction provides input to the bulk structure of compounds that can be useful 
in understanding of their monolayer structure. X-ray curves differed significantly for the 
compounds with one or two and four or eight tails, correspondingly (see representative data 
for selected compounds in Figure 32). Dendrons with one and two tails in bulk state were 
crystalline. A number of sharp peaks in the wide-angle range corresponded to d-spacings 
from 0.9 to 0.3 nm, typical for organic compounds with phenyl-containing fragments.98
However, only one diffuse halo was observed in the wide-angle range for compounds with 
multiple peripheral tails (Figure 32). Therefore, increasing the number of alkyl tails to 8 
converted these monodendrons into materials with short-range ordering of molecular 
fragments. 
Table 3. Molecular parameters for monolayers for the A,D12-N. 











spacin , nm g 
AD12-1 0.450.05 45 1.7±0,1 3.5 4.27 
AD12-2 0.480.05 44 2.4±0.1 3.7 6.4 
AD12-4 0.770.05 48 2.7±0,1 4.3 8.4 
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Figure 33. Small-angle X-ray scattering for AD12-2 (top) and AD12-8 (bottom) in 
bulk state. 
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In the low-angle range, sharp peaks with multiple orders were observed for dendrons 
with 2 and 4 tails and only a broad peak was observed for AD12-1 and AD12-8 with the d-
spacing close to 4.3 nm (Figure 33, Table 3). Main periodicity for AD12-2 was 6.4 nm and it 
increased to 8.4 nm for monodendrons with four peripheral alkyl tails, AD12-4. Comparison 
of these periodicities with the length of the molecules calculated from molecular models in 
the extended conformation (Table 3) pointed to the model of double-layer packing with 
partial overlapping of molecular fragments (crown heads or azobenzene groups) or tilted 
intralayer packing for monolayer structure of dendrons with 2 and 4 alkyl tails.98
0.5 120 1.5 
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Figure 34. ~~A isotherms for the AD12-N series. 
The properties of the AD12-N series have been studied at the air-water interface to 
develop a molecular model for all four molecules (Figure 8). All four molecules display 
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classic amlph1ph111C behavior with a sharp increase in surface pressure as the area per 
molecule reaches near monolayer collapse (Figure 34). The ~c~A isotherms show the lower 
two generations have across-sectional area deviant from the expected 0.2 nm2 per molecular 
tails. The cross-sectional area for the crown ether head in flat-on orientation at the interface 
is determined to be 0.45 nm2. The molecular area determined from ~~A isotherms for the 
one, two, four, and eight tail compounds is 0.43, 0.48, 0.77 and 1.5 5 nm2 respectively (Figure 
34). From these results it appears the bulky crown ether head is dictating the molecular 
packing for the lowest two generations. However, for monodendrons with four and eight 
tails, cross-sectional area per tail decreases to about the expected value. 
Further studies of the system in the two dimensional regime of Langmuir layers uses 
grazing incident X-rays. XGID studies of all four molecules show interesting trends in 
lateral packing structure that deviate slightly from generation to generation but overall trends 
can be determined to create a comprehensive model for the series. X-ray reflectivity results 
offer insight into the arrangement of the various molecular fragments within the two 
dimensional films. Rod scans and correlation lengths offer additional information. 
The AD12-1 monolayer at lower pressures showed little ordering as indicated by the 
presence of only a wide diffuse halo, originated from the water subphase. Two-dimensional 
Bragg reflections do not appear in the diffraction patterns at pressures of 3 and 10 mN/m. 
XGID scans reveal three peaks only at the highest surface pressures tested here of about 20 
mN/m. The peak profiles obtained with high resolution at the highest surface pressure 
(Figure 35b) were fitted to Lorentzian type functions that provided peak positions at 10.0, 
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Figure 35. a) Observed XGID patterns for AD12-1 at three observed surface 
pressures. b) High resolution XGID of the same monolayer at highest pressure as the 
detector is moved away from the surface horizon. The original intensities are offset for 
clarity. 
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Table 4. Structural parameters of the Langmuir monolayers from different dendrimer 
compounds. The values for stearic acid were taken from Peterson et a1.96
Stearic Acid AD12-1 AD12-2 AD12-4 AD12-8 
d-spacings, (nm) 
Peak 1 -- 0.626 0.862 -- -- 
Peak 2 0.424 0.440 0.471 0.418 0.417 
Peak 3 0.418 0.394 0.422 -- -- 
Unit Cell Parameter 
a (nm) 0.836* 0.788 0.487 0.483 0.482 
b (nm) 0.483* 0.529 -- -- -- 
Area per Chain (nm 2) 0.197 0.208 0.206 0.201 0.201 
Chain Tilt () 16.5 ~58 4 3 4 
Correlation Length, (nm) 
Peak 1 -- 19.2 -- -- -- 
Peak 2 5.7 16.5 -- -- -- 
Peak 3 7.1 17.1 3.5 2.8 3.7 
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14.3, and 15.9 nni 1, which correspond to 0.626, 0.440, and 0.394 nm d-spacings, 
respectively (Table 4). The shape, spacing and location of the two intense peaks with higher 
QXy values (14.3 and 15.9 nni 1) correspond closely with literature values for (1,1) and (2,0) 
planes in an orthorhombic unit cell of alkyl chains.61 Calculations with this indexation 
resulted in a unit cell size of 0.788 nm by 0.529 nm. This unit cell corresponds to a cross- 
sectional area of 0.208 nm2 per alkyl chain of the molecule. This value is within the known 
area for densely packed and tilted alkyl tails (from 0.182 to 0.210 nm2),sa,6i,9s However, the 
0.626 nm peak with lower intensity detected at this pressure does not fit a simple 
orthorhombic unit cell common for the alkyl tails. 
After careful analysis of possible structural models, it is suggested that this peak 
corresponds to the formation of supercell packing. This proposition is based on the fact that 
the d-spacing for this peak has a simple fractional relationship that corresponds to the (1,1 /2) 
index within the orthorhombic unit cell. The position of the (l , l /2) peak calculated using the 
orthorhombic unit cell parameters (a* = 2~/a = 7.973 nm-1 and b* = 2~/a = 11.877 nm"1) is 
found to be 9.9nm-1, which is within the experimental uncertainty of the observed value 
l O.Onm-1. The appearance of the (1,1 /2) peak suggests that b-direction includes two of the 
"primary" unit cells. In addition, comparison of the unit cell for AD12-1 compound studied 
here with the common unit cell for alkyl chains, namely, heneicosanioc acid found in 
literature, demonstrates that AD12-1 compound possess expanded dimension in the b- 
direction.61
The (3 angle is increased by moving the detector off the horizon and scanning the 2D 
Bragg reflections. Selective disappearance of peaks indicates the alkyl tails axe tilted in a 
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Figure 36. a) Observed XGID patterns for AD12-2 at three observed surface 
pressures. b) High resolution XGID of the same monolayer at highest pressure as the 
detector is moved away from the surface horizon. The original intensities are offset for 
clarity. 
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AD12-1 at highest surface pressures while the two other peaks remain (Figure 35b). This is 
the first indication a tilted orientation of the alkyl tails of the first generation, which will be 
examined more below. 
Increasing the number of alkyl tails from one to two changes the molecular area 
determined from the at~A isotherm slightly, but greatly changes the diffraction pattern 
(Figure 36a). Two well-defined peaks appear for the AD12-2 monolayer at both low and 
high-pressures. At higher surface pressure, these peaks become more intense and an 
additional intermediate peak appears. The higher Q region appears to have a weak peak that 
can be refined to as a third peak. The d-spacings of the three peaks were 0.862, 0.471, and 
0.422 nm (Table 4). The intensity of first two peaks is too low to be used in the calculation 
of the unit parameters and could be originated from mixed intramonolayer structure. 
Therefore, only the most intensive peak was indexed as the (1,0) reflection of hexagonal 
lattice with the lattice parameter a= 0.487 nm (Figure 36b, Table 4). This unit cell gives the 
surface area of 0.206 nm2 per alkyl tail, which is close to that for the first generation. The 
width of the diffraction peak indicates disordering of the unit cell. The hexagonal structure 
appears to be an intermediate stage between the previous supercell orthorhombic unit cell of 
the lower generation and an ordered hexagonal unit cell for higher generation molecules (see 
below). Figure 36b shows the high-resolution diffraction scans of AD12-2 monolayer 
obtained at different reflection angles. All diffraction peaks disappear upon the slight 
increase of reflection angle leading to the conclusion that the tails are in standing off 
orientation for this molecule unlike the molecule with one tail, AD12-1. 
The diffraction pattern for the compound with four alkyl tails, AD12-4, unlike the 
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Figure 37. a) Observed XGID patterns for AD12-4 at three observed surface 
pressures. b) High resolution XGID of the same monolayer at highest pressure as the 
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Figure 38. a) Observed XGID patterns for AD12-8 at three observed surface 
pressures. b) High resolution XGID of the same monolayer at highest pressure as the 
detector is moved away from the surface horizon. The original intensities are offset for 
clarity. 
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pressure (Figure 38a). The presence of the peak indicates the formation of dense lateral 
packing of the alkyl tails within the monolayer. The peak position at 15.0 nni 1 corresponds 
to 0.418 nm d-spacing. From the broad single peak, aquasi-hexagonal unit cell was 
calculated with a 0.483 nm side and 0.201 nm2 area per chain (Table 4). The broadness and 
asymmetry of the peak indicates the single peak can be refined into two overlapping peaks 
shown in Figure 37b. As with the AD12-2 monolayer, the diffraction peaks disappear as the 
~i angle is increased (Figure 37b) indicating upright orientation of the alkyl tails similarly to 
AD12-2 and in contrast with AD12-1. 
One sharp peak is present in the diffraction pattern for AD12-8 at Q=15.0 nni 1 for all 
three surface pressures (Figure 38a). The single peak leads to the calculation of a hexagonal 
unit cell with a length of 0.482 nm and the surface area of 0.201 nm2 per alkyl tail (Table 4). 
This unit cell is nearly identical to the AD12-4 unit cell but appears to indicate a more 
regular hexagonal packing structure with limited short range ordering rather than hexagonal 
structure of the previous two generation. The diffraction peak disappears as the (3 angle is 
increased (Figure 38b), indicating tails that are normal to the surface similar to two and four 
tail molecules. 
Figure 39 shows the comparison of the diffraction patterns for the highest pressure of 
all monolayers from the four compounds with different number of alkyl tails. Two 
diffraction peaks observed in the 14 to 16 nm"' region confirm the formation of the 
orthorhombic unit cell with parameters shown in Table 4. The molecule with one tail has an
additional peak that indicates a supercell packing of the alkyl tails caused by steric 
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Figure 39. The observed diffraction patterns of the AD12-N series with peaks labeled 
with the corresponding Miller indices. The diamonds represent AD12-1, the triangles AD12-
2, the circles AD12-4, and the squares AD12-S. The original intensities are offset for clarity. 
to pack bulky polar groups beneath the alkyl sublayer may result in structural non-
equivalency on the neighboring tails causing the effect observed. Simple fatty acids like 
stearic acid have been used as comparisons for more complex systems because their chemical 
structure allows for simple models to describe their packing structures (Figure 40, Table 
4~ 61,96 
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Figure 40. The unit cells of AD12-1 (solid line, half of supercell), AD12-2 (dashed 
line), AD12-4 and AD12-8 (dotted line) obtained in this work in comparison with the unit 
cell for alkyl tails (heneicosanoic acid61) (dash dotted line). 
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The small cross-sectional mismatch between the carboxyl head group and a hydrocarbon 
chain, generally, causes a slight tilt in the rTN direction.61 At lower and intermediate surface 
pressures, the tilt angle is in the range of 15-30°. Peterson et al calculated the area per tail for 
stearic acid to be between 0.195 and 0.200 nm2 for higher pressures, smaller than the cross-
sectional areas calculated for AD12-1 and AD12-2 but close to that observed for AD12-4 and 
AD12-8 (Table 4).96
The effective cross-sectional area per tail drops when four or more tails are attached 
to the polar fragment (Table 4, Figure 40). For molecules with multiple chains, the alkyl tails 
are oriented along the surface normal unlike the molecule with a single chain with a large tilt 
of the alkyl tails. For these compounds, the total cross-sectional area of the alkyl tails is much 
higher than the molecular area of the polar head. Thus, the loosely packed polar heads do not 
distort the dense packing of the alkyl chain although the intralayer correlations diminish 
significantly (Table 4). 
To characterize the extension of alkyl chain ordering within the monolayer, 
correlation lengths are calculated within the Lorentzian approximation. The correlation 
length (~) is determined for all three peaks seen in the diffraction pattern using equation (6) 
97,98 
~ = 2~0 (6> 
where O is the full width at half maximum of the Lorentzian peak in units of nni 1. The 
molecule with the most ordered (highest correlation length) intralayer packing is AD12-1, 
though the calculated lengths are close to the resolution limit. For all three diffraction peaks 
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of the lowest generation, the correlation lengths determined to be in the range from 16.5 nm 
to 19.2 nm are close to the resolution limit of the instrument (about 20.0 nm) (Table 4). Thus, 
these values represent the estimation of the lowest limit propagation of order. These high 
values indicate that ordering on the air-water interface at the highest surface pressure far 
exceeds short-range order common for liquid-like packing of molecules in fluid or partially 
disordered states. 98 The tails are much more ordered and do forth ordered regions which 
include at least 40 unit cells that corresponds to long-range positional ordering. The 
correlation length is reduced dramatically for the two-tail compound and is further reduced 
for the four and eight-tail compounds (Table 4). This decrease is obviously caused by the 
steric conflicts within the branched tails. Multiple tails attached to a single core must stagger 
in their packing in order for them to fit in the single monolayer. A possible reason for this is 
by branching the alkyl tails off the same phenyl ring and the presence of the irregular phenyl 
rings within the monolayers are limiting factors on the propagation of the positional ordering 
of the peripheral alkyl tails. 
Independent confirmation of a highly tilted alkyl chains for AD12-1 within the 
monolayer at the highest surface pressure came from out-of-plane diffraction studies. As 
observed for diffraction data collected at an angle (3 = 3.5°, the (1,1) peak disappears while 
the other two peaks remain visible, although with weaker intensity. This qualitatively 
confirms tilting of the alkyl chains for AD12-1 in (1,1) direction. Rod scans (scanning out- 
of-plane (R angle) while fixing the QXY at a peak position) were used to determine the tilt 
angle of the molecular fragments with better accuracy.69 For all three diffraction peaks rod 
scans displayed angular behavior with a sharp spike in intensity at a exceedingly low angle 
followed by gradually decreasing intensity (Figure 41). Modeling of these data for the 
90 
lowest generation confirmed the molecular tilting of alkyl chains in a preferred direction. 
The fitting suggests the alkyl tails are tilted toward their next nearest neighbor at an angle in 
the range from 54 to 58° (Table 4). The tilting angle obtained from rod scans was virtually 
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Figure 41. Rod scans for the different diffraction peaks of AD12-1 labeled with the 
Miller indices of the equivalent peaks. The data is represented by the symbols while the 
corresponding best fits are displayed as lines. The intensity for the scans along (1,1) and 
(1,1/2) directions were increased five times and offset from original data for clarity. 
Rod scans of selected diffraction maxima confirm conclusion about different 
orientations of the alkyl tails for highest three generations. The (1,0) peak for the two-tail 
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compound indicates the tails are tilted four degrees in the rTN direction. The two lower Q 
value peaks for AD12-2 were excluded from the rod scan analysis since they could not be 
indexed properly and the lower intensity of the peaks limited accuracy of the rod-scans. The 
results for the (1,0) peaks for higher generations show the tails tilted insignificantly, only 
three to four degrees from the surface normal. Representative data for rod scans and the 
corresponding fits for each sample are shown in Figure 42 and the tilting angles obtained 
from these fits axe presented in Table 4. The results show that tails are in virtually standing 
off position for all compounds with multiple tails and the single tail compound has a tilt 
angle as high as 5 8°. 
Reflectivity data provides complementary information on the packing of molecules at 
the air-water interface by revealing electron density distribution along the surface normal. 
Figure 43 shows the reflectivity data and the corresponding fits for AD12-1 and AD12-8 at 
the highest pressures, which is representative of all AD12-N compounds. The lower three 
generations can be fit using two box models at all pressures (Table 5). The eight-tail 
molecule was fit better using athree-box model. It is worth to note that the distinction 
between the crown ether and azobenzene fragment could not be resolved within current 
resolution and, thus, one box is assigned to the alkyl tail and a second one to the azobenzene-
crown fragment. 
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Figure 42. Representative rod scans for the main diffraction peaks at the highest 
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Figure 43. Reflectivity and corresponding models from a) AD12-1 and b) AD1Z-8. 
The data are represented by symbols and the model by a solid line. The box models and 
smeared electron density for the fits are shown in the insets. The box models are used along 
with diffraction data to construct a molecular model of AD12-1 and AD12-8. 
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Table 5. Fitting parameters from the box models used to fit the reflectivity data for 
all four compounds at the highest pressure. *Roughness is the same for all transitions 
between the elements of the fitting model. 
AD12-1 AD12-2 AD12-4 AD12-8 Uncertainties 
Head Length (nm) 1.29 1.6 2.11 0.99 ± 0.3 
Head Density (x 10~ e/nm3) 0.41 0.40 0.38 0.39 ± 0.02 
First Tail Box Length (nm) -- -- -- 1.36 ± 0.35 
First Tail Box Density (x 10~ 
e/nm3) -- -- -- 0.34 ± 0.03 
Second Tail Box Length (nm) 0.75 1.15 1.13 0.82 ± 0.2 
Second Tail Box Density (x 10~ 
e/nm3) 0.24 0.28 0.28 0.10 ± 0.04 
Total Length (nm) 2.04 2.75 3.24 3.17 
Fully Extended Length (nm) 3.5 3.7 4.3 4.8 
Roughness* (nm) 0.27 0.47 0.38 0.34 ± 0.03 
* taken as an identical parameter for all interfaces 
At the lowest surface pressure, diffuse reflectivity with a poorly visible first minimum 
is observed for AD12-1 (not shown). Increasing the surface pressure to 20 mN/m 
(compressed solid state of the monolayer) resulted in a much sharper first minimum and a 
weak second minimum. This indicates more ordered packing of the molecular fragments at 
higher pressures. Very low electron density of the alkyl tails at the lower surface pressures 
of 3 and 10 mN/m clearly indicates that they are loosely packed and disordered at these 
surface pressures as is confirmed by the diffraction data. Density of the alkyl layer increases 
significantly at the highest surface pressure indicating significant improvement of chain 
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packing. However, even at the highest pressure studied here, the density of the alkyl tails 
extracted from the model (0.24x 103 ± 0.05 e/nm3) is lower than the expected electron density 
of densely packed alkyl tails (0.3-0.33x103 e/nm3) even considering the uncertainties of the 
fitting procedure. This difference indicates the presence of additional defects in monolayer 
structure such as interdomain boundaries or partial conformational disorder. 
At the highest surface pressure the length of the topmost box for AD12-1, assigned to 
the terminal alkyl tails (lief) is much smaller than the calculated extended length of the tails 
(1,,,~ = 1.52nm) (Table 5). This difference indicates that the alkyl tails are significantly tilted 
toward the surface. A measure for the tilt, 8, estimated from relation cosh =lief / l,,,aX yielding 
a tilt angle of about 60°. Apparent reason for such highly tilted, almost flat arrangement of 
the alkyl tails in the compound studied is the availability of a large surface area for a single 
tail (0.43 nm2) caused by the bulky crown ether group beneath the alkyl layer. This large tilt 
is unusual for alkyl chains within Langmuir monolayers. Typical tilting angle for amphiphilic 
organic compounds with alkyl tails is close to 10-30° in condensed solid state. 99,100 This tilt 
is related to a modest mismatch of cross-sectional areas of non-bulky polar heads (usually, 
carboxyl groups) and hydrocarbon chains. 
All AD12-N compounds have total lengths for the molecules at the air-water interface 
lower than estimated from extended conformation in standing orientation that is consistent 
with molecule tilting and conformational disorder of the molecular fragments. The 
monolayers show lower densities as compared to electron density for densely packed tails is 
0.33x103 e/nm3 that indicates defective monolayer structure in the form, e.g., of clustering 
within the monolayer. 
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A level of hydration of the molecules studied is observed by estimating the total 
number of electrons present in the box models. The total number of electrons per unit cell 
can be estimated from: NSF = AJp(z)dz, where A is the molecular area extracted from the ~- 
A isotherm. Table 5 shows the lengths and densities of the box models for all molecules at 
the highest pressure along with the calculated roughness and error in the measurements. The 
higher than expected electron density for polar fragment give rise to the idea of water 
inclusion in the polar head box, creating a hydration sphere. However, the statistical 
uncertainty does not allow for calculation of the total number of water molecules included in 
the present models. The partial hydration of the polar heads and azobenzenes explains the 
difference between the expected electronic density (0.37x103 e/nm3) and the observed density 
(0.38-0.41x103 e/nm3). Indeed, Pao et al found that crown ether hydrophilic cores are packed 
below the water surface. lol In addition, they observed slow-density region between the 
water surface and the densely packed alkyl chains for monodendrons with multiple alkyl 
tails. For all four generations no low-density region is observed between the crown heads and 
the alkyl tails despite the cross-sectional mismatch. Obviously that absence of a bulk junction 
of several branches facilitates smooth density distribution from the polar fragment to the 
alkyl tail layer. This last result suggests that the overall conformation of the molecule is not 
straightforward but includes a "kink" in the middle of the molecule with the angle between 
two segments. 
The cause of the supercell packing structure for AD12-1 can be attributed to the 
influence of the large polar head, which can be misaligned in the b-direction so that the 
actual repeating unit is seen in every other unit cell. Indeed, as molecular modeling showed, 
for tilted and densely packed alkyl tails it was impossible to densely pack all polar fragments 
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with the same orientation. Space constraints required a minor misalignment of alkyl tails to 
provide the appropriate packing density (Figure 44). It can be concluded that space 
constraints imposed by chemical attachment of the alkyl chains to the bulky polar heads 
appears to be the origin of the supercell of the alkyl tails. Atop view projection of the 
monolayer shows that the alkyl chains appear to be lying almost flat on top of the polar 
fragments, thus, covering large surface area generated by the bulky polar heads (not shown). 
Indeed, an alkyl tail with the cross-sectional area of 0.21 nm2 cover nearly 0.42 nm2 of 
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Figure 44. Model of molecular packing of AD12-1 molecules at the air-water 
interface along with the corresponding electron density distribution. 
Figure 44 demonstrates a side view of the proposed molecular model of the 
compound studied. at the air-water interface at higher surface pressure with all major 
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parameters revealed independently from a combination of ~-ray reflectivity, diffraction, and 
rod-scan data. The alkyl tails appear densely packed with a large degree of tilt from the 
surface normal reaching 5 8°. The tails pack in a supercell, which represents doubling of the 
conventional orthorhombic unit cell of densely packed alkyl tails. Positional ordering of the 
alkyl tails is expanded over 40 unit cells. Space constrains imposed by attachment of the 
alkyl tails to densely packed bulky polar groups located beneath the alkyl layer cause the 
formation of supercell structure of the alkyl tail unit cell. Water molecules partially surround 
the azobenzene and the crown head indicated in the model as a partial submerging of these 
fragments. 
Similarly, no flat-on orientation of the polar crown heads was observed for 
monodendrons studied recently by Pao et al.lol The authors varied the number of branches 
(up to 9 peripheral tails) and the distance of the tails from the branching point and analyzed 
the density distribution along the surface normal. The smallest cross-sectional mismatch 
studied in this work was close to 2:1. The model presented in Ref. 101 showed the alkyl tails 
extended from the water surface with rod-like behavior while the branching and polar groups 
extend into the water at an angle away from the surface normal. The presence of large voids 
between the domains of the tails on a single molecule was also suggested. The area per 
peripheral alkyl tail determined from ~-A isotherms was significantly larger than the 
expected for a single alkyl chain (0.26-0.36 nm2) and was attributed to the presence of the 
bulky phenyl rings. This is in contrast with these studies with cross-sectional area per tails 
reaching 0.20nm2 despite the phenyl rings presence and indicates truly ordered state of the 
peripheral tails despite their branching. 
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All generations show a trend of the polar head and azobenzene spacer group adapting 
a tilted behavior beneath the water surface. For the first three compounds, the tilt angle is 
close to 50° from the surface normal but increases to 63° for AD12-8. The lower than 
expected thickness of the box model cannot be completely explained by the tilted structure of 
the molecular fragments or the calculated errors in the model. The effective thickness 
measured by X-ray reflectivity is averaged over the entire sample area and is not an absolute 
measurement of the monomolecular film. Therefore, a heterogeneous film structure with 
domains is suggested with a lower effective thickness than a complete film. Indeed, domain 
surface morphology has been observed for monolayers transferred on a solid substrate.91,92
Figure 45. Molecular models of AD12-1, AD12-2, AD12-4, and AD12-8 molecules 
(from left to right:) at the air-water interface illustrating the molecular conformation and 
orientation of different fragments suggested. 
Models of molecular packing for all compounds will now be discussed considering all 
experimental data acquired (Figure 45). First, it is observed that the peripheral tails of a 
single tail molecule AD12-1 are highly tilted with an approximate tilting angle of 58° from 
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the surface normal. The origin for this tilt came from the large cross-sectional mismatch 
between the bulky polar head and the single alkyl tail. In contrast, for molecules with 
multiple tails, the rod scans show minuscule tilts from the surface normal and thereby 
substantiates the conclusion made from the X-ray diffraction data on the standing tails. The 
rod scans and the diffraction patterns agree that the tails for the higher generations axe 
orientated along the surface normal but the box model gives a smaller tail length due to, 
probably, the fact that the first several carbon atoms of the tails are submersed in the water 
subphase (Figure 45). 
It is suggested that the origin of the second tail box in the three-box model for 
molecule AD12-8 arises from the staggering of the peripheral tails. Rod scans and 
diffraction data indicate the tails are oriented along the surface normal but each tail is 
tethered to a phenyl ring that has another alkyl tail attached (Figure 8). The nature of the 
branching structure hinders the close packing of the tails without reorganization in the 
molecular structure as was tested on molecular models. The larger phenyl rings at different 
branching points have to adjust to the space constraints as the tails try to organize in the unit 
cell. The first and second carbon atoms of the alkyl tails are closely associated with the 
phenyl ring branching structure. The tilt angle originates at this site thereby forcing the 
carbon atoms to be partially associated with the head group. The standing off tails probably 
begins around the third carbon of the alkyl tail thereby explaining the short box that 
correlates with the tails. For all molecules, the head and azobenzene box was considerably 
shorter than expected leading to the suggestion that the group is tilted significantly away 
from the surface normal forming "kink" configuration (Figure 45). Taking the arccosine of 
the measured length divided by the molecular model length of the group an angle of 48 to 51° 
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for the first three generations was calculated while the angle was increased for the highest 
generation to 63°. All models show the head groups fully submerged in the subphase but 
exact arrangement of the polar crown heads could not be deduced from the data collected. 
All amphiphilic monodendrons with peripheral alkyl tails form ordered intralayer 
packing at the air-water interface. AD12-1 packs in a supercell orthorhombic unit cell 
despite the irregularly large tilt angle of the alkyl tails. The AD12-2 packs in a hexagonal 
unit cell with additional lower Q peaks suggesting a mixed structure but with tails oriented 
along the surface normal. AD 12-4 and AD 12-8 also forms a hexagonal lattice. The three 
highest generations display clear upright orientation of alkyl tails. X-ray reflectivity data 
indicates the head and azobenzene groups packed in a tilted formation below the water 
surface for all four compounds with the highest generation molecule having the largest 
degree of tilt. The highest generation appears to pack in a stagger pattern due to stearic 
limitations placed on the tails. 
It should be noted that it has not been observed any indications of a phase transition 
from flat on to stand off arrangement of hydrophobic tails at different surface pressures. 
Rather, at low surface pressure ("gas phase") observed no indications of molecular ordering 
with ordered monolayer forming only at high surface pressure. This behavior is attributed to 
the chemical architectures of monodendron molecules with hydrophobic tails attached to the 
crown polar head at a single point. Indeed, this architecture does not provide for the driving 
forces, which can act in favor of flat-on orientation of crown heads as was suggested for 
several crown-containing amphiphilies. l 02, l 03,104 Instead, the "kink" structure is formed with 
the polar head and azobenzene spacer being submerged in the water subphase in tilted 
conformation (Figure 45). 
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It is suggested that the presence of the long spacer (azobenzene group) between the 
polar head and the peripheral groups is instrumental in the ability of low-generation 
amphiphilic monodendrons to form ordered intramonolayer organization. A common 
structure for multi-tails molecules is hexagonal packing of standing-off alkyl chains and with 
correlation length close to 0.40 nm. To adopt this dense packing under constraints imposed 
by the polar heads and chemical branching, a significant portion of the molecules is 
submerged in the water subphase forming a "kink" configuration while standing tails 
adapting staggered arrangement to fulfill constraints imposed by the chemical attachment to 
different branching points. 
The bulk powder X-ray diffraction suggests the lower generations form crystalline 
structures, unlike the third and fourth generation that form short-range ordering with little 
indication of a clear packing structure. In the low-angle range the first generation and fourth 
generations displayed a single broad peak. AD12-2 and AD12-4 displayed several sharp 
peaks in the low-angle range suggesting the two and four tails monodendrons form double-
layer packing with overlapping molecular fragments. Clearly the attachment of eight alkyl 
tails to a single flexible discotic core disrupts all crystalline behavior in the bulk state. 
However the molecule with two tails clearly forms a crystalline phase with sharp peaks seen 
in both the SAXS and WARS diffraction patterns. AD12-2 has the minimal cross-sectional 
mismatch between the discotic core and the alkyl tails for all the AD12-N compounds. 
The flexible discotic core balances the increasing number of hydrophobic alkyl tails 
with little influence on the lateral packing structure of the tails past the second generation. 
The cross-sectional mismatch in the first generation creates the large tilted structure of the 
alkyl tails. The cross-sectional mismatch creates a dense packing structure for polar discotic 
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cores with a lower than usual density of the tail box. The tails compensate by tilting toward 
the surface in order to form a close packed structure. The attraction between the alkyl tails 
forces them to tilt nearly 60° from the surface normal to retain the orthorhombic packing 
structure of the tails. Surprisingly the large tilt tails only slightly enlarges the orthorhombic 
unit cell. The correlation lengths indicate the molecules form domains tens of nanometers 
across. The reflectivity data however suggests the AD12-1 molecules form domains with 
gaps between the domains. 
The degree of branching severely effects the formation of an ordered monolayer. 
While the cross-sectional mismatch favors the alkyl tails in the higher generations, the Lowest 
generations clearly maintains the ordered packing structure for far greater lengths. The tails 
for the lowest generation are tilted nearly 60° from the surface normal to achieve a densely 
packed unit cell. The large degree of tilt is eliminated for the higher generations due to the 
reduction in cross-sectional mismatch. The additional of alkyl tails with the increase in the 
generation number reverses the cross-sectional mismatch between the discotic core and the 
alkyl tails to be in favor of the branched tails. Increasing the number of tails per molecule 
raises the density of the layer, eliminating the need for the tails to tilt toward the air-water 
interface. The correlation lengths decrease significantly with the generational increase in the 
number of tails. The second and third generation form quazi-hexagonal lateral structures. 
The highest generation forms a regular hexagonal packing structure with an increase in the 
correlation length of the peak over the third generation. 
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3.4 Hyperbranched Polymers 
The affect of increasing the degree of substitution of the alkyl tails on the packing 
behavior of the hyperbranched core is examined for the HP-N series. The behavior of the 
cores is relatively unknown at the air-water interface as well as on solid substrates. The 
study presented is also a source of how successful the random substitution of alkyl chains is 
onto functionalized hyperbranched molecule. By varying the percentage of alkyl tail 
substitution on the hyperbranched core the influence of partial substitution can be seen 
(Figure 9). The influence of partial substitution and the randomness of the core are examined 
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Figure 46. ~~A isotherms for Langmuir monolayers fabricated from compounds HP-
0, HP-25, HP-50 and HP-75. The molecular weight of the molecules was taken from GPC 
data. 
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The surface compression behavior of hyperbranched polymers depends strongly upon 
the actual number of hydrophobic tails attached to the polar core. The reproducible and 
reversible ~-A isotherms were obtained for the hyperbranched compounds with higher than 
25% of branches terminated with alkyl tails (Figure 46). The core gradually dissolved in the 
sub-phase during compression. The reproducible ~~A isotherms for the hyperbranched 
compounds with 25-75% substitution showed a steady increase in the surface pressure upon 
compression that is indicative of the formation of stable Langmuir monolayers with liquid 
and solid 2D phase formation typical for the amphiphilic compounds.s4









HP-0 1179 979 13 S 0 1.3 8 
HP-10 1498 1154 1795 1.5 5 
HP-25 1977 1046 1626 1. S 5 
HP-50 2775 1975 2494 1.26 
HP-75 3 573 2160 2973 1.3 8 
The surface area per molecule, A.o, was calculated by the extrapolation of the steep rise 
in the surface pressure to a zero level in accordance with a usual procedure.los Numerical 
values can be obtained from such an extrapolation only if the molecular weight of the 
molecules is a known parameter. Due to the unknown structure of the molecules, no direct 
comparison between valid molecular models and the actual data can be made without certain 
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assumptions. First, a molecular weight from an idealized molecular composition was used as 
a limiting case (overestimated molecular weight, column 1 in Table 6). Second, a molecular 
weight from GPC data was used as a representative of another limiting case (underestimated 
molecular weight, column 2 in Table 6). The actual unknown molecular weight is somewhere 
between these two limits. The comparison of the idealized structure of the hyperbranched 
core and molecular area of the core given by the limiting area of the ~~A isotherm is limited 
in this study because there is no direct measurement of the area of the core, theoretical or 
experimental. Therefore the discussion of the results will be mainly limited to the degree of 
substitution of the alkyl tails. 
The surface area per molecules calculated from the ~c~A isotherms under these two 
assumptions is presented in Figure 47. Both sets of data show remarkable linear increase with 
increasing substitution content and differ from each other by an overall slope of this 
relationship. The difference in the surface areas per molecule for the highest content of alkyl 
substitution calculated under two different assumptions does not exceed 30-40%. Thus, 
taking the known surface area per alkyl tail in a solid monolayer state as 0.2 nm2, it can be 
estimated a number of alkyl tails per molecule participating in the formation of the 
monolayers (Table 7).los It was observed that the values obtained under the "ideal" 
assumption were close to the "theoretical" number of alkyl tails per molecule and another 
limiting case gave 1-2 less tails per molecule. Considering that two possible limiting cases 
have been included in these estimations, it can be concluded that the LB data confirms a high 
degree of substitution with not more that 1-2 alkyl tails missing for the substitution of 50% 
and higher. 
107 
Percentage of substitution by C17H35 branch 
Figure 47. Variation of the surface area per molecule estimated from different 
models: experimentally observed molecular area from the ~~A isotherms (solid); molecular 
area estimated for the molecules with molecular weight taken from the theoretical model ( ); 
molecular area estimated for the molecules with molecular weight taken from GPC data ( ). 
Hence, for the formation of stable monolayer structures, at least two C 1 ~ alkyl tails 
should be attached to the polar core. This suggest that at least 30% of the total mass of the 
molecule should be hydrophobic to prevent "sinking" of the water-soluble polar cores in the 
water subphase. This finding on the surface behavior is similar to that reported for regular 
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(MW from GPC) 
Estimated from 
~~A isotherm 
(MW from model) 
HP-0 0 0 0 
HP-25 3 2.4 2.8 
HP-50 6 4.4 5.8 
HP-75 9 7 9.1 
* Calculated for chemical formula presented on Figure 9. 
alkyl-terminated dendrimers.lo6,lo7,los,lo9,ll0,111 The cross-sectional area occupied by alkyl 
tails is close to minimal possible area for the chains in up-right position. This points out that 
the compression of the Langmuir monolayers should result in similar internal reorganization 
of the alkyl-terminated dendritic structure as proposed for regular flexible dendrimers with 
regular core structure, l l l 
A key feature of this model is the formation of hydrophilic and hydrophobic layers 
composed of different molecular segments in the condensed monolayers (Figure 7). A first 
layer, bordering with the water subphase, is composed of a polar core. A second, outer layer 
is formed by standing-off alkyl tails. Although it is impossible to estimate the volume of 
polar core quantitatively due to the unknown water content and packing density (X-ray data 
discussed below give only estimates), some conclusions can be made on molecular shape 
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Figure 48. Top: models of a modified hyperbranched polymer with a random 
orientation of alkyl terminal tails (left) and in a compressed state with astanding-off 
orientation of alkyl tails and flattened polar core (right). Center: sketches of molecular 
conformation in condensed monolayer state for molecules with low (left) and high (right) 
number of alkyl tails. Bottom: sketches of molecular packing for Langmuir monolayer at low 
(left) and high (right) surface pressures with thickness presented in Table 10. 
dimensions, the molar volume of polar core could be estimated to be larger than 1 nm3. Thus, 
for molecules with two-three alkyl chains (HP-25) compressed to molecular area of 0. S nm2, 
the only choice for the polar core could be the formation of cylindrical or prolate shape with 
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a diameter of 0.8 nm. Assuming the same water content, the height of such a cylindrical core 
structure could be estimated as close to 2 nm. For HP-50 molecule, more crowded shell 
results in increasing cross-sectional area per molecule to 0.9 nm2 and thus the height of the 
core structure should be close to 1.1 nm. Finally, for the highest number of the terminal alkyl 
tails attached, the molecular area of 1.3 -1.5 nm2 should result in oblate, squashed shape of 
the hyperbranched core with a thickness of 0.6 — 0.8 nm (Figure 48). Apparently, to assure 
up-right position of the alkyl tails, the hyperbranched core should adapt a flattened 
conformation different from one with a random orientation of branches and terminal groups 
(Figure 48). Although this model seems to be a natural choice that explains the ~~A 
isotherms results, additional evidence from X-ray reflectivity and grazing angle diffraction 
and AFM investigations confirm this picture (see below). 
In fact, in recent studies, Kampf et al found evidence that the molecular weight 
increase associated with the increase in generation number caused monodendrons that 
initially form a vertically elongated shape on the water surface to flatten.80 Conformational 
flexibility of regular dendrimers cores was proven to be sufficient for this compression. 
Large steric constraints were observed to be responsible for flattening of dendrimers cores in 
higher generation dendrimers. On the other hand, the significant role of submerging 
capability of polar cores on ordering of hydrophobic shells was demonstrated for 
monodendrons.9o,l01 Similarly, it is seen the increase in the number of attached alkyl tails 
forces the hydrophilic core to flatten on the surface and submerge in the subphase to allow 
the hydrophobic tails to organize at the surface. As has been recently shown, hyperbranched 
molecule based on a dendritic polyester core can expand in favorable solvent conditions to 
nearly twice its original size demonstrating significant conformational flexibility of 
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hyperbranched cores, which can facilitate structural changes discussed here.112 Percec et al 
showed that by increasing the degree of functionalization at the periphery the solid angle of 
the molecule is increased.16 By controlling the solid angle of the molecular shape the size of 
the molecule can be controlled and the packing structure tailored to the desired outcome. 
Here it can be seen the increase of alkyl tails attached to the hyperbranched core increases the 
favorability of the core flattening on the water surface, allowing the alkyl tails to organize 
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Figure 49. Comparison of the observed X-ray diffraction data of the monolayer of the 
hyperbranched compounds at the highest surface pressure. The original intensities are offset 
for clarity. 
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All GIXD studies of Langmuir monolayers at surface pressures below ~15 mN/m 
have no detectable diffraction peaks indicating no lateral ordering of the alkyl tails at the 
lower surface pressures. A single broad peak in intermediate wave-vector range that 
corresponds to a solid state phase shows up for all three samples at higher surface pressure 
(Figure 49). The single peak for HP-25 is positioned at QXy = 15.1 nni 1 corresponds to a 
0.416 nm d-spacing and its position remains virtually unchanged for other hyperbranched 
molecules (Table 8). The appearance of a single peak centered near QXy = 15.0 nni 1 suggests 
a hexagonal lateral packing of alkyl tails with six equivalent neighboring tails. The 
calculated hexagonal unit cell parameter for all monolayers is within the range 0.480 nm - 
0.484 nm that is typical for alkyl tails that are normal to the water surface.61,9a This confirms 
conclusions made from LB experiments. Additionally, out-of-plane rod scans at the Bragg 
peaks (not shown) confirm upright orientation of alkyl tails. 
Table 8. Structural parameters of intralayer packing for Langmuir monolayers obtained 
from X-ray diffraction. 
HP-25 HP-50 HP-75 
D-spacing (nm) 0.416 0.419 0.419 
Unit Cell Parameter, a (nm) 0.480 0.484 0.484 
Correlation Length (nm) 4.63 3.19 6.15 
The diffuse nature of the diffraction peaks suggests limited ordering of the alkyl tails 
of liquid-crystalline type within the monolayers.61,9g The limited intralayer ordering of the 
alkyl tails with monolayers is characteristic of the outer shell of amphiphilic dendritic 
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molecules. Reduced ordering and suppression of crystallization are caused by space 
constraints imposed by the chemical attachment of tails to highly branched structures as 
suggested in recent studies.65 Calculated intralayer correlation lengths are much smaller than 
that for "free" alkyl chain in linear amphiphilic molecules and for alkyl tails from outer shells 
of regular dendrimers and monodendrons (3 0-100 nm 61,6s,9o, l 01)  and vary from 3.2 to 6.2 nm 
(Table 8). This suggests that this difference can be associated with much defect internal 
structure of hyperbranched cores as compared to regular branched structure of dendrimers. 
Irregular branching and random attachments of the terminal alkyl tails prevent the formation 
of regular intralayer ordering and crystallization of alkyl tails usually observed for 
dendrimers molecules. The highest correlation length for molecules with the highest number 
of alkyl tails (HP-75) suggests that high density of grafting of the alkyl tails to the 
hyperbranched core is critical for the formation of more ordered lateral packing less 
disturbed by the flattened polar core. 
The X-ray reflectivity data and corresponding fits for lower and higher surface 
pressures for all compounds are shown in Figure 50. The best fit for the HP-25 compound at 
both surface pressures can be obtained using athree-box model with a box with higher 
electron density for the hyperbranched core and shorter boxes with lower electron density 
stacked on top to represent the alkyl tails (Figure 50, Table 9). The low electron density of 
the third box suggest the tails do not order in a uniform layer but create a staggered layer 
with a limited number of tails reaching the third box and/or lateral domain microstructure. 
The third box in the models is most likely from a higher surface roughness than expected. 
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Table 9. Fitting parameters from the box models used to fit the reflectivity data for 
all three compounds at the both surface pressures. *Roughness is the same for all transitions 
between the elements of the fitting model. 
HP-25 HP-50 HP-75 
Pressure (mN/m) 15 30 15 30 15 30 
First Box Length (nm) 1.52 1.36 1.47 2.52 1.54 1.41 
First Box Density (x 10~ 
e/nm ) 0. 38 0. 42 0. 42 0. 37 0. 40 0.41 
Second Box Length (nm) 0.615 1.49 0.61 1.10 0.56 1.38 
Second Box Density (x 10"3 
e/nm ) 0.18 0.18 0.18 0.084 0.15 0.15 
Third Box Length (nm) 0.91 1.18 0.97 0.31 0.72 --
Third Box Density (x 10"3
e/nm ) 0.047 0.024 0.064 0.04 0.066 --
Fourth Box Length (nm) -- -- 1.07 -- 1.39 --
Fourth Box Density (x 10"3
e/nm ) 
__ __ 0.019 -- 0.014 --
Roughness* (nm) 0.24 0.39 0.31 0.39 0.34 0.39 
Total Length (nm) 3.04 4.03 4.12 3.93 4.21 2.79 
The lower surface pressure monolayers HP-50 and HP-75 are best fit with afoot-box 
model with a higher electron density box representing the core and three lower electron 
density boxes representing the interlayer with alkyl tails. The lower densities of the top two 
boxes again reveal a staggered nature in the packing structure of the tails suggesting a limited 
number of tails reach the upper most boxes and/or a small fraction of the surface area is 
covered with domains with a thickness higher than the average thickness of the monolayer. 
The total thickness of the alkyl-tail interlayer is close to the length of the tails in standing-off 
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Figure 50. X-ray reflectivity data at air-water interface for a) HP-25, b) HP-50, and 
c) HP-75 with the best fit: the symbols represent the data while the solid lines represent the 
fits. 
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content of grafted tails (50% and 75%), the thickness of this interlayer is smaller, which 
suggests inclusion of part of the alkyl tails tethered to the branches in the interlayer formed 
by the water-soluble hyperbranched cores (Figure 50). 
The higher surface pressure data for HP-50 can be fit using athree-box model with 
the third box of extremely low electron density similar to the model for higher surface 
pressure HP-25. The best fit for the HP-75 higher surface pressure data is a two-box model 
with two boxes of similar length but significantly different electron density. The first box is 
assigned to the hyperbranched core and the second is assigned to the alkyl tails. However, 
for some compounds this box could include both submerged cores and partially submerged 
tails. The density of the second box suggests that the alkyl tails are not densely packed due to 
the developed domain microstructure. Comparison of the calculated number of electrons 
from the box models to the number of electrons expected from the molecular models 
indicates that the hyperbranched cores are, indeed, submerged in the water subphase and 
contain 50 to 80 water molecules. Therefore, X-ray studies of the Langmuir monolayers 
confirm the model with standing-off alkyl tails proposed from the ~~A isotherms and 
suggests specific quantitative characteristics of this type of ordering summarized in Tables 8, 
9 and Figure 48. 
AFM imaging confirms domain microstructure of the monolayers under the surface 
pressure studied. Figure S 1 shows selected AFM images of the LB monolayers deposited on 
a bare silicon substrate at the surface pressure of 3 5 mN/m. Aggregate domain microstructure 
associated with usual two-phase state (solid-liquid) of the monolayers could be clearly 
observed. The diameter of these domains changed with the degree of C17H35 substitution. The 





Figure 51. AFM images of LB monolayers for all amphiphilic hyperbranched 
compounds studied deposited at the surface pressure of 35 Nm/m (topography (left) and 
phase (right)). Scan size is 25 x 25µm, height scale is 20nm, phase scale is 30°. Zoom-in 
image (8 x 8µm) and the corresponding cross-section of the domain structures for HP-25 
(top, right) and surface morphology of domains at high-resolution (800 x 800 rltn) (bottom, 
right). 
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Table 10. Thickness of LB monolayers on solid substrate as obtained from AFM and 
ellipsomtery. 
Theoretical 
height *, nm 
Thickness by 
ellipsometry, nm 
Thickness by AFM, nm 
(monolayers deposited at 3 SmN/m) 






HP-25 2.0 1.13 1.73 0.6 1.25 1. 85 
HP-50 2.5 1.31 2.04 0.8 1.52 2.32 
HP-75 2.5 1.33 2.09 0.8 1.54 2.34 
* calculated from molecular models with uniformly vertically oriented tails 
in the range from 2 to 4µm. Domains were flat with fine internal structure visible within 
these domains at high magnification and microroughness within lxl µm area below 1 nm 
(Figure 51). For the hyperbranched polymers with a higher content of alkyl tails, the domain 
became larger (6-10µm in diameter) with a dendritic shape composed of several anisotropic 
domains growing from a single center. 
The height of domains, obtained from AFM cross-section analysis, was within 0.6-0.8 
nm as calculated from the reference level of the surrounding monolayer surface (Figure 51, 
Table 10). Considering these morphologies and X-ray reflectivity data, it can be concluded 
that they support a bi-phasic model of the monolayer microstructure (Figure 48). This model 
suggests that a "matrix" monolayer in a "liquid" state is formed by the hyperbranched cores 
and alkyl tails in random conformation similar to aloes-pressure monolayer. The height of 
deposited monolayers outside of domain areas of 1.25-1.62 nm was close to that of the 
monolayers deposited at low surface pressure (1.13 -1.3 3 nm). This further proved that the 
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matrix monolayers were formed by the hyperbranched molecules with predominantly 
randomly oriented tails. 
However, a significant fraction of the monolayer deposited at higher surface pressure 
was occupied by thicker domains formed by molecules with alkyl tails in standing-off 
orientation as suggested by X-ray reflectivity analysis. Indeed, the thickness of "matrix" 
monolayer determined from independent AFM measurements of scratched areas was within 
1.2 - 1.6 nm that give an effective thickness of domains within 2.3 - 2.4 nm that was close to 
the thickness expected for the model with standing-off alkyl tails (Figure 48, Table 10). 
Apparently, more compact vertical packing of the monolayers deposited on a solid surface 
determined from AFM as compared to the same monolayers at the air-water interface 
determined by X-ray reflectivity (see Tables 9 and 10) was caused by removal of water from 
the hyperbranched cores during their deposition onto a solid substrate. 
The random substitution of the alkyl tails on the hyperbranched cores limits the alkyl 
tails ability to form ordered structures. The GIXD patterns indicate the tails form hexagonal 
lateral structures in a limited manner. The low correlation lengths suggests the molecules are 
unable to maintain the hexagonal packing structure futher than a few manometers. The 
decrease in the overall length of the molecules seen in the modeling of the reflectivity data 
suggests the tails form a staggered structure for the HP-25 and HP-50 molecules. The third 
and fourth boxes seen for the higher pressure data has low electron density that is indicative 
of the inability of all the alkyl tails being capable of reaching the highest box. 
The overall length of the molecules decreases as the number of tails per core 
increases. One possible reasoning for this decrease in molecular length is the transition from 
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a cylindrical core conformation to the flattened pancake-like conformation. The number of 
tails per core increases from approximately two tails to approximately eight to nine tails. The 
hyperbranched core ideally would be forced to rearrange to accommodate the hydrophobic 
tails repulsion from the water subphase. For the HP-25 molecule the cores would be 
compressed and forced to form oblique conformations to allow the alkyl tails to densely pack 
at the air-water interface. Increasing the number of alkyl tails to eight or nine tails increases 
the molecular area. The hyperbranched core would flatten at the air-water interface. 
Despite the random nature of the hyperbranched core and the substitution of the alkyl 
tails of the HP-N compounds, the molecules form ordered structures at the air-water 
interface. Clearly the GIXD patterns and the reflectivity data suggest HP-25 and HP-75 
compounds form more ordered monolayers than the HP-50 compounds. The reflectivity data 
also indicates the hyperbranched core transitions from a cylindrical state to a flattened 
pancake-like conformation. The random substitution of the alkyl tails limits the ordering of 
the tails. 
Detailed microstructural analysis of the interfacial ordering revealed that organized 
monolayers with distinct domain structure are formed at both air-water interface and solid 
surfaces if a number of alkyl tails is higher than two-three per the polyester core of second 
generation. At high surface pressure, the alkyl tails became arranged in an up-right 
orientation with dense liquid-crystalline ordering of the quasi-hexagonal type. The water-
swollen state of the hyperbranched cores of the prolate shape and the partially submerged 
standing-off alkyl tails is a characteristic of the hyperbranched molecules with fewer alkyl 
chains in the condensed monolayer state at the air-water interface. The core structure is 
transformed into the oblate, flattened state with preservation ofstanding-off orientation of the 
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alkyl tails for hyperbranched molecules with crowded outer shells. This suggests that 
irregular branching and random attachments of the terminal alkyl tails in the hyperbranched 
molecules prevent the formation of regular lateral ordering and crystallization of the alkyl 
tails within Langmuir monolayers usually observed for modified dendrimers molecules. 
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CHAPTER 4. GENERAL DISCUSSION AND CONCLUSSIONS 
The importance of balancing the influence of the hydrophobic and hydrophilic 
segments can be seen in all the molecules studied. The rod-coil molecules have been seen to 
lack trends in monolayer organization on both the water subphase and the solid substrates. 
The balance in the amphiphilic behavior of the rod/coil molecules proved to be greatly 
influenced by the volume ratio of the molecular fragments. The degree of branching affected 
the morphology and domain formation of the rod/coil molecules but no clear trends were 
seen. The degree of branching greatly impacted the lateral packing structure of the rigid 
discotic molecules while increases in the core and tails had minimal effect. The degree of 
branching in the monodendrons with a flexible discotic core influenced the bulk and thin 
films behavior of the molecules. However the increase in alkyl tails had a greater impact by 
influencing the cross-sectional mismatch between the polar head and alkyl tails. The 
hyperbranched molecules formed stable monolayers with limited ordering. 
Comparisons of the molecules within the boundaries of the individual molecular 
series offers insight into the roles the molecular fragments have at the air-water and air/solid 
interfaces. The chemical compositions remain consistent thereby allowing the conclusions to 
be based on the architectural differences between the generations. The optimum balance in 
molecular fragments for each series varies. Conclusions for each are offered before 
comparisons between the molecular systems is discussed. 
The effect of branching of the tails was shown in the RDM-N molecules to have little 
effect on the ability to form a uniform monolayer at the air-water interface. Although the 
molecular weight remained consistent for all four generations there appeared to be no clear 
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trend in monolayer features or behavior. The first generation forms non-uniform continuous 
monolayers. The second generation forms a smaller domain structure while the third 
generation forms an incomplete monolayer with no distinguishable functions. The only 
generation that displayed classic amphiphilic behavior with a limiting molecular area near the 
expected flat-on orientation molecular area was the fourth generation. The topography and 
phase images captured using AFM showed a large domain structure composed of smaller 
grains. The most stable molecule was the fourth generation with numerous shorter branches 
attached to the rigid rod core. However the effect of branching is ineffective in influencing 
the thin film behavior of the RDM-N molecules, partly caused by the decreasing length of 
the tails upon increasing the generation number. 
The delicate balance in monolayer formation was greatly influenced by increasing the 
length of the hydrophilic tails as was seen in the CRC-N samples. The difference in the 
volume fraction ratios for the rigid core blocks and flexible tail blocks for all three samples 
was believe to possibly create diverse surface morphology predicted for the volume fraction 
ratios shown here. The lower generations with three and six PPO units per tail formed a 
collapsed bilayer structure at the air-water interface. Despite the favorable overall size of 
CRC-3 and CRC-6, the short length of the hydrophilic tails appeared to be unable to balance 
the hydrophobic nature of the rigid rod core. The unlikely rich phase transition behavior was 
found with the large third generation. The CRC-17 sample formed a unique range of phases 
depending on the portion of the hydrophilic tail submerged in the subphase. The decreasing 
molecular area caused the absorption of the PPO tails into the water subphase, thereby 
decreasing the flexible block volume at the air-water interface. The volume fraction ratio 
became more favorable for the rigid block fraction, thereby creating the micellar and lamellar 
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structures seen in the AFM images. Although the longer hydrophilic tails are pushed out of 
the surface plane to form the phase transitions seen, the lower molecular weight samples 
have a weak balance between the molecular segments. The weak balance allows the 
molecules to pack in a bilayer formation. 
The influence of branching versus the increasing the molecular weight of the molecules 
was examined by the DCD-N samples. All molecules with rigid discotic cores have been 
shown to be able to form stable Langmuir monolayers at the air-water interface due to solubility 
of the peripheral chains in the water subphase. For the di-branched molecules in the Langmuir 
monolayers it is proposed the crab-like molecular conformation with the branched side chains 
submerged in water. This organization differs drastically from columnar packing in the bulk 
state where side chains are close to extended conformation. This also demonstrates that these 
branched compounds are very different from conventional discotic molecules with 
hydrophobic, singe-tail side chains. 
After transfer to a solid substrate, the molecules with di-branched short peripheral 
chains formed an organized monolayer on solid supports with six-fold symmetry of face-on 
molecular packing and cluster-aggregation of approximately 7x7 molecules. This is 
attributed aggregate formation to monolayer relaxation caused by peripheral chain 
restructuring during transfer from the water surface to the solid substrate. In contrast to the 
molecules based on dibranched oligoethers, the discotic molecule based on longer 
tetrabranched oligoether chains does not show organized ordering in both bulk or monolayer 
states. It is also shown that these molecules may provide access to functional organic 
materials with energy transfer characteristic within the supramolecular columns. 
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The AD12-N samples provided interesting information on the largely overlooked case 
of reversing the cross-sectional mismatch in amphiphilic molecules over several generations 
of the same molecular design. The role of the cross-sectional mismatch between polar heads 
and alkyl tails has been addressed for amphiphilic compounds with variable number of tails 
and different polar groups. 113,114,115 It was considered that a first step in balancin this g 
mismatch was the increase of the surface area covered by the alkyl tails by a tilt of the chains 
to A°/cos8. This resulted in the elongation of the lattice formed by the alkyl tails in one 
(tilting) direction. Typical tilting angles, however, did not exceed 25-30° for conventional 
amphiphilic molecules. Then, above some tilting limits, additional distortion of the chain 
packing was required to satisfy constraints imposed by the headgroup lattice. i 14 For larger 
head groups, significant expansion of the lattice in the direction perpendicular to the tilting 
azimuth is expected. Below some spatial limits (estimated to be 0.87nm for the next-to-next 
neighbor distance for tilting angles below 40°), the adaptation of the mismatch through tilting 
mechanism was still possible. In lieu of these results, it is concluded that for exceedingly 
larger head groups of crown ethers with the diameter of about 1.05 nm even extreme tilting 
of the alkyl chains to about 60° does not completely compensate for the misfit of the alkyl 
chain packing and the headgroup lattice. Apparent "escape" for the molecules from this 
situation is the doubling of the effective spacing in the a-direction to 1.05 $ nm, thus 
accommodating the full diameter of the polar head and creating "supercell" packing for the 
alkyl tails with some of the chains misaligning or otherwise distorting from their "correct" 
position to accommodate the polar head lattice. 
It is worth to note that the nature of these structural changes is similar to 
reorganizations observed for surfactant molecules forming micellar structures in solutions. 
126 
116,117,11$ As revealed by neutron scattering, increasing the number of ethylene oxide units in 
polar heads caused increasing stability of spherical micelles and a less favorable situation for 
rod and lamellar aggregation. At some point, the possibility of bending of the alkyl chains 
was proposed to accommodate head-tail balance for surfactants with exceedingly large polar 
heads.11 ~ Obviously that for Langmuir monolayers studied here, the molecular organization 
is constrained to the overall planar morphology without the possibility for complete structural 
reorganization even if head-tail mismatch favorites it. As a result, extreme tilting of the alkyl 
chains and breaking the initial symmetry of their packing occur. These are apparent 
frustrations of local packing compromising between a trend to form non-planar aggregates 
and planar Langmuir monolayer constrain. 
Information on the architecture and lateral packing behavior for functionalized 
hyperbranched molecules has been limited due to the absence of known chemical formulas. 
The lack of exact chemical formulas and known molecular fragments creates a dilemma in 
the interpretation of the data because so many assumptions must be made to obtain any 
information about the monomolecular layers. Small adjustments in the calculations or 
assumptions the calculations were based changes the outcome of the results. However the 
information still provides important information previously unknown about these molecules 
that advances the understanding and the future uses of hyperbranched polymers. 
The ordering of the HP-N molecules was shown to be limited in the monolayers on 
both the water subphase and the solid support. The non-uniform substitution of the alkyl tails 
on the hyperbranched core limited the accuracy of the calculations for molecular area. From 
X-ray reflectivity measurements it has been shown the core is submerged in the water 
subphase with the alkyl tails forming a layer above the air-water interface with limited 
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ordering. However, the monolayers appeared to form large domain structure at the air-water 
interface because of the higher electron density for the core box and the much lower than 
expected electron density for the alkyl tails. The appearance of the single weak peak seen in 
the diffraction patterns for all three samples proved the alkyl tails were capable of organizing 
in a hexagonal lateral pattern. 
Comparison of the results from diverse molecular architectures presented here offer 
several broader themes in the study of dendritic and branched molecules at the air-water 
interface. Briefly I would like to discuss the results from the series of samples in comparison 
with the others to provide some insight into the influence the different chemical and physical 
properties studied here. 
The increase in molecular size did not disrupt the hexagonal lateral packing for the 
DCD-N samples. Hexagonal lateral packing is seen for both DCD-1 and DCD-3 with a 
slight increase in area per molecule as the only distinguishable contrast between the 
molecules. In contrast the increase in molecular size for the CRC-N samples created the 
transition from unstable monolayers for the lower generations to a higher generation with a 
rich phase transition behavior. A slight overall increase in the molecular size did not affect 
the surface behavior in the samples when the increase was balanced between the core and 
tails. However in the case of the CRC-N samples the increase was only in the length of the 
tails and did not affect the size of the rod core. The size of the increase could have been a 
large influence in the shift in the balance of the molecule's properties. The increase in the 
length of the tails from CRC-6 to CRC-17 was nearly three times the original size for each 
tail individually where the increase in tail length from DCD-1 to DCD-3 was only one third 
the overall length. The balance between the molecular fragments is maintained for the first 
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and third generations of the DCD-N molecules, in contrast to the change in volume ratio 
between the CRC-N compounds. 
The addition of an extra terminal phenyl ring and mer unit to each flexible tail caused 
only a slight increase in the molecular area for DCD-1 and DCD-3. The organized lateral 
packing was destroyed by the increase from di-branched tails to hexa-branched tails attached 
to the terminal phenyl rings. However for the RDM-N samples the only molecule to prove 
to form uniform, stable monolayers at the air-water interface was the highest generation. The 
lower generations with one, two, and four branches per terminal point were unable to form a 
stable monolayer, instead forming an incomplete bi-layer structure. The increased 
functionalization of the hyperbranched core for the HP-N samples had little effect in the 
lateral packing structure of the attached alkyl tails. The alkyl tails were attached individually 
to functionalized terminal endgroups and were not intentionally branched off of the same 
point on the core. The randomness of the core and the substitution of the alkyl tails may 
have caused the similarity of the packing behavior of the molecules at the interfaces. 
However the lateral packing structure of the AD12-N samples transitioned to a supercell 
orthorhombic lateral packing structure for the lowest generation to a quazi-hexagonal 
packing structure for the middle generations to a hexagonal lateral packing structure for the 
highest generation at the air-water interface. The branching unit was a combination of 
oxygen atoms and phenyl rings reducing the interaction of the alkyl tails with each other. 
The molecules with hydrophobic cores and flexible hydrophilic tails tend to form 
bilayer structures more easily than the molecules based on flexible hydrophilic cores and 
hydrophobic tails. Bilayer structures are observed for all three series of compounds with 
rigid hydrophobic cores. The repulsion of the large cores from the water subphase is difficult 
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to overcome with short flexible tails. Despite the molecules ability to form organized 
monolayer such as DCD-1 and DCD-3 the compounds still forms bilayer structures to satisfy 
the repulsive forces between the rigid cores and the water subphase. The short tails for the 
lower generations of the CRC-N compounds proved unable to balance the hydrophobic cores 
at the air-water interface, creating collapse bilayer structures. The measured thickness of the 
deposited layers of the R.DM-N series clearly indicates the formation of bilayers at the 
highest surface pressures. In contrast the compounds based on flexible hydrophilic cores 
attached to multiple hydrophobic alkyl tails formed order monolayers at the air-water 
interface. Despite the large difference in volume ratio favoring the hydrophobic tails in the 
AD12-8 compounds the molecules remained at the air-water interface forming an ordered 
monolayer. The HP-25 molecules formed ordered monolayers at the air-water interface 
despite the hyperbranched cores being force to rearrange into a oblique conformation to 
allow the close packing of the alkyl tails. 
Comparison of the results for the samples based on the types of cores proved to show 
the strongest relationship between the molecular architecture and surface behavior. The 
samples with rigid rod cores showed no trend in the molecular packing at the air-water 
interface for increasing tail length or branching. The RDM-N series proved increasing the 
branching of the tails while holding the molecular weight constant was destructive to forming 
stable monolayers of the amphiphilic molecules. The first two generations of the CRC-N 
series confirmed the molecules with lower molar weight tails were unable to balance the 
hydrophobic and hydrophilic segments and in turn preferred to form bi-layer structures. The 
random core of the hyperbranched molecules were capable to form stable monolayers 
although the predominant structure appears to be large domains supported on a uniform 
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monolayer at the higher pressures. The molecules based on the rigid discotic cores were 
capable of forming stable monolayers for all three generations, although the increase in the 
number of tails disrupted the balance in the molecular segments and caused the second 
generation to lose the hexagonal lateral packing found in the monomolecular layers of the 
first and third generations. The AD12-N molecules based on the flexible discotic core 
proved to be the most successful series in the formation of stable monolayers with similar 
lateral ordering for all generations. 
These results indicate how delicate the balance between the hydrophobic and 
hydrophilic segments can be in amphiphilic molecules and the importance of maintaining the 
balance. The lack of the appropriate balance cannot be achieved easily by increasing the 
branching or length of one of the molecular fragments. A flexible hydrophilic core aids the 
balance in the amphiphilic nature of molecules better than a rigid hydrophobic core. The 
compounds based on hydrophobic cores formed bilayer structures preferentially to 
monolayer structures. The shape of the core greatly affects the stability of the molecules at 
the air-water interface. The discotic based compounds formed more ordered structures than 
the molecules based on rod or hyperbranched cores. 
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